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Aromatic condensation po1ymers have pheny1ene rings 
which provide rigidity and therma1 stability in the main 
chain , and they have potentia1 for the preparation of 
high performance materia1s. Po1yimides , aramids , po1yｭ
ary1ates , and po1y(ary1ene ether)s are well-known examｭ
p1es of high performance polymers owing to their superior 
therma1 stabi1ity , chemica1 resistance , and mechanical 
behavior.1 However , these properties a1so make it diffi-
cu1t to process and fabricate the polymers. From these 
points of view , a number of researches have been reported 
七 o enhance the solubi1ity or fusibility of aromatic 
2-16 po1ymers. 
Aromatic polyamides have been commercialized as 
materials for fi1ms , fibers and other applications with 
high thermal stability and mechanica1 properties. Espeｭ
cia11y , a high-strength and high-modu1us fiber was made 
from po1y(paraphenylene terephtha1amide). As this po1y-
mer did not disso1ve in any organic solvents , the spinｭ
ning was possib1e only from a solution in concentrated 
17 su1furic acエ d.~' To increase the 1imited solubi1ity , 
modifications of the po1ymer structure have been 
studied by introducing flexible linkages in 七he polymer 
2-6 backboneL - U andjor bu1ky substituents as the side 
h ・ 7-9cnaェns.
l 
Among poly(ether ketone)s , poly(ether ether ketone) 
is well-known as a semi-crystalline engineering thermo-
18 , 19 plastics.~U ，~~ Although it shows outstanding heat- and 
chemical-resis七ance ， a considerably high temperature is 
necessary to mold this resin. Therefore , various 
poly(ether ketone)s of modified structures have been 
synthesized to control their glass transition and melting 
10-14 temperatures. 
Polyimides are one of the highest heat-resistant and 
chemica11y stable polymers , being used as materials for 
20 fi 工ms and mo1dings.Lv As polyimides are generally infus-
ible and insoluble , they are processed from the soluble 
precursors , poly(arnic acid)s , which are then converted 七0
the imide structure. The imidization process sometimes 
工eads to void forma七ion in the product and shows diffi-
culties in complete cyclization. Syntheses of processa-
ble polyimides which are soluble or fusible have been 
15 studied actively based on these backgrounds. 
工 n order to increase the processability of aromatic 
condensation polymers , particularly to increase their 
solubility , basic research from the following points is 
meaningful: (1) to understand the relationships between 
polymer structure and so工ubility by changing systematiｭ
cally the polymer structure , (2) 七 o clarify op七 imum
polyrnerization conditions for po七entially soluble poly-
2 
mers which have difficulties in the polymerization , and 
(3) to find out a new solvent in which homogeneous polyｭ
merization is possible. 
Gas separation membrane is considered as one of the 
promising applications of aromatic condensation polymers. 
However , low solubility of these polymers has sometimes 
made it difficul七七o prepare the membrane. 工 f soluble 
aroma七 ic condensation polymers are prepared , they are 
expec七ed 七o give a membrane suitable for the gas separaｭ
tion membrane. 工 n this research , several soluble polyｭ
mers were prepared successful1y. Therefore , the memｭ
branes were made by using these po工ymers and evaluation 
of the relationships between gas permeability and polyrner 
structure were investigated. 
工 n general , gas permeation through a polymer memｭ
brane is explained in terms of solubility and diffusivity 
21-23 of a gas molecule. 工n the separation of small gas 
molecules such as hydrogen and helium from larger moleｭ
cules such as carbon monoxide and nitrogen , perrnselectiv-
ity is mainly affected by the diffusivity difference , 
because differences in the solubili七Y of gases are usual-
24 ly small for rnany polymers.L~ Amorphous aromatic poly-
rners have advantages for 七his type of separation because 
they have relatively rigid structures and stable chain-
25 packing characteristics.~v Although there are many 
3 
reports discussing the re 工 a七 ionships between polymer 
struc七ure and gas permeability , most of them deal with 
the systems which contain several factors such as differｭ
ent linkages and substituents in the polymer structure. 
Therefore , a systematic research on gas permeation 
properties of a series of well-defined aromatic copolyｭ
mers is a very attractive way to obtain basic information 
on the molecular design for preparing gas separation 
membranes. 
This thesis consists of seven chapters. Chapters 1 
七hrough 3 are concerned with the preparation of soluble 
aromatic condensation polymers: aroma七 ic polyamides , 
poly(ether ketone) , and polyimides. Chapters 4 through 7 
are concerned with gas perrneabilities of aromatic polyaｭ
mides and poly(ether ketone)s. 
Chapter 1 describes 七he relationship between the 
polymer structure of aroma七ic polyamides and their so工u­
bility in organic solvents. 工 n order to increase the 
solubility of aromatic polyamides without losing their 
therrnal stability , the introduction of bulky arornatic 
substituents is one of the bes七 ways.16 New 七wo series 
of arornatic diamines containing phenyl substi七uen七s were 
thus synthesized , and allowed to polymerize with aromatic 
diacid chlorides to afford new soluble arornatic polyaｭ
mides. 
4 
工 n chapter 2 , mechanistic aspects of the formation 
of poly(ether ke七one) by Friedel-Crafts acylation was 
investigated. The preparation of poly(ether ketone)s 
via this method is convenien七 in laboratory scale and 
ab工e to give varie七ies of the polymers including potenｭ
tially soluble ones. However , details of the effects of 
polymerization conditions have not been repor七ed so far. 
The polymerization behavior was studied in order to find 
the optimum conditions to afford high molecular weight 
polymers. 
工 n chapter 3 , the preparation of polyimides in 
po工yphosphoric acid was discussed. 工 n order to obtain 
processable polyimides , modifica七ions of polymer strucｭ
tures have been performed so far by introducing flexible 
工 inkages in七O 七he polymer backbone or bulky substituents 
15 as the side chains.~~ However , if a new solvent for the 
preparation of polyimides to give a homogeneous solution 
is found ou七，七he polyimides which have been repor七ed to 
be unprocessable would be processable. 工n this research , 
polyphosphoric acid was found to be an effective medium 
for the preparation of polyimides. 
工 n chapters 4 and 5 , gas permeations of H2 and CO 
through aromatic polyamide membranes containing sulfone 
linkages in the backbone [七hese polyrners are called 
poly(sulfone-amide)] were studied. Series of copolymers 
5 
with different ratios of para- and meta-pheny1ene groups 
or amide contents in the backbone were prepared , and gas 
permeabi1i七 ies of these copo1ymers were systematica工 1y
investigated. 
Chapter 6 concerns with the re1ationships between 
the process of membrane formation and gas permeabi1ity of 
the po1y(su1fone-amide) membranes. 工 n this study , the 
remova1 of cast-so1vent from the membrane was found to be 
a crucia1 factor to contro1 the gas permeabi1ity , because 
the residua1 solvent affected the rearrangemen七 of po1yｭ
mer chains in the membrane. 
工n chapter 7 , a series of soluble po1y(ether ketone) 
copo1ymers , in which para- and meta-pheny1ene contents 
are differen七， was prepared. Effects of po1ymer composiｭ
tion and therma1 treatment of the poly(ether ketone) 
rnembranes on gas permeabilities of H21 CO , 02 and N2 were 
studied. 工 t was found that growth of crystalline region 
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Chapter-l 
Synthesis and Characterization of Aromatic polyamides 
Derived from New Phenylated 且romatic Diamines 
9 
1-1 工ntroduction
Aromatic polyamides , such as poly(parapheny1ene 
tereph七ha1amide) ， show exce11ent mechanica1 properties 
and good therma1 properties. However , these po1ymers are 
infusib1e and show 1imited solubi1ity in organic solｭ
vents. There are genera1 concepts for structural modifiｭ
cation to improve the solubi1ity of po1ymers as fo1lows: 
introduction of flexib1e or kinked structure , decrease in 
structura1 regularity and symmetry , and incorporation of 
side chains or bu1ky substituents. To increase the 
so工ubi1ity with maintaining the therma1 stabi1ity of the 
po1ymers , the structural modification with whole aromatic 
1-10 system is particu1ar1y preferred.~-~v From this view 
point ，七he introduction of phenyl side groups into the 
polymer chain is considered as an effective approach. 工n
the case of aromatic rigid rod-like polyamides , several 
polymers having aromatic substituents have been reported 
11-14 to be soluble in organic solven七 s ..L..L-..L"=*， and display 
11-13 anisotropic properties...L..L-..LV An advantage to obtain a 
soluble rigid rod-like polyamide lies in its possible 
application to the reinforcing material in mo1ecular 
composite as we1l as the high-strength and high-modulus 
fiber. 
工 n this chapter , the preparation of two new series 
of phenylated aromatic diamines and synthesis of po工ya-
10 
mides derived from these diamines are described. SomE~ 
charac七erizations of the po1ymers , such as thermal 
properties and solubi1ity behavior are a1so reported. 
1-2 Experimental 
Materials 
N-Methyl-2-pyrroli done (NMP)wa s di st ill ed over P205 
under reduced pressure. Terephthaloyl chloride (TPC) and 
isoph七haloy工 chloride (工 PC) were dis七illed under reduced 
pressure. Other chemicals were used without further 
purification. 
Monomer Synthesis 
1 , 4-Bis(1 , 3-dibenzoyl-2-propyl)benzene (3a) 
Tereph七haldicarboxaldehyde (28.4g , 0.212mol) and 
acetophenone (152.1g , 1.27mol) were dissolved in 700ml of 
95 老 ethanol. Potassium hydroxide (29.6g , 0.528mol) in 
32ml of water was added to the solution dropwise. )~ 
precipitate appeared soon. The reaction mix七ure was 
stirred and refluxed for 3 hours , then filtered. The 
solid ob七ained was washed with 500rnl of fresh 95% ethanol 
15 under reflux; Yie1d 11g (93老). mp 184-1920C (lit~~. 204-
205 0 C) ・ 1 H -NMR (CDC13) d=3.6 (d , 8H , CH 2 ) , 4.2 (m , 2H , 
11 
CH) , 7.4-7.8 (m , 16H , aromatic H) , 8.2 (m , 8H , aromatic 
H) • 
1 , 4-Phenylenebis-y，y' ー (2' ， 6'-diphenylpyrylium)tetra ­
fluoroborate (4a) 
Tripheny1methanol (l13.4g , 0.436mo工) was dissolved 
in 700ml of acetic anhydride at 65 0 C , then the solution 
was cooled to room temperature with a water bath. 49 老
Fluoboric acid (78.0g , 0.435mol) was added dropwise 
maintaining the reaction at room temperature. Then , 3a 
(90.0g , 0.156mol) was added , and the resulting suspension 
was stirred for 17 hours. The product was collected , 
washed with THF several times , and then dried; Yield 106g 
(96も) . 
1 , 4-Bis(4-nitro-3 , 5 - diphenylphenyl)benzene (5a) 
Nitromethane (236g , 3.86mol) was added to a solution 
of potassium (15.5g , 0.396mol) in 580ml of tert-butanol. 
This solution was added to a stirred suspension of 4a 
(100g , 0.140mol) in 580ml of tert-butanol. Another 
solution of potassium (15.5g , 0.396mol) in 580rnl of tertｭ
butanol was added , then the mixture was stirred under 
reflux for 2 hours. The precipitate was collected , 
stirred in hot water , fi1tered , and dried; Yield 64.5g 
(74老). After the recrystallization from dioxanejethanol 
12 
(4:1) , the needles obtained showed the melting point at 
-1 341-344 0 C; 工R(KBr) 1360 and 1530cm-~ (N02). Anal. Calcd 
for C42H28N204: C , 80.75; H , 4.52; N , 4.48. Found: C , 
80.37; H, 4.73; N, 4.36. 
1 , 4-Bis(4-amino-3 , 5-diphenylphenyl)benzene (la) 
A suspension of 5a (12.0g , O.0192mo1) in 600ml of 2-
methoxyethanol was stirred and heated to 100oC. Stannous: 
chloride (48.7g , O.216mol) which was dissolved in 115ml 
of hydrochloric acid was added to the suspension. Afte工‘
stirred around 1000C for 5 hours , the same amoun七 of
stannous chloride solution was added , and the reactio口
was continued for another 15 hours. The reaction mixture 
was poured into 1000ml of water and filtered. The so工 id
obtained was neutralized by ammonium hydroxide , washed 
with water , and dried; Yield 10.6g (97%). The crude 
product was recrystallized from xylene several times; mp 
-1 310-312 0 C. 工 R (KBr) 3360 and 3450 cm-~ (NH). Anal. 
Calcd for C42H32N2: C , 89.33; H , 5.71; N , 4.96. Found: 
C , 89.52; H , 5.76; N, 4.71. 
工 ， 3-Bis( 工 ， 3-dibenzoョ工 -2-propyl)benzene (3b) 
The reaction between isophthaldicarboxaldehyde and 
acetophenone was carried out following a similar proce-. 
dure to the preparation of 主主・ During the reaction , two 
13 
phases were separated. The lower layer , which was visｭ
cous and dark brown , was separated and stirred with 
ethanol. After the ethanol was decan七ed ， the viscous 
residue was dried; Yield 77老. 1H-NMR (CDC13) d=3.3 (d , 
8H , CH 2 ) , 4.0 (m , 2H , CH) , 6.4-7.9 (m , 24H , aromatic H). 
工， 3-Phenylenebis-y，y' 一 (2 ， 6-diphenylpyrylium)tetrafluorobo­
rate (4b) 
The procedure used in the preparation of 4a was 
applied to that of 4b; Yield 35%. 
1 , 3-Bis(4-nitro-3 , 5-diphenylphenyl)benzene (5b) 
A similar procedure 七o the preparation of 5a was 
applied to that of 豆~. After the reaction , water was 
added to the reaction mixture. The precipitate was 
collected and dried; Yield 92%. mp 250-258 0 C. 工 R (KBr) 
1360 and 1530 cm-1 (N02 ) ・
1 , 3-Bis(4-amino-3 , 5-diphenylphenyl)benzene (lb) 
The procedure used in the preparation of 1a was 
applied to that of 主È; Yield 97老. The crude product was 
recrystallized from tOluene/ethanol. mp 212-213 0 C. 工 R
(KBr) 3380 and 3480 cm-1 (NH 2 ) ・ Anal. Calcd for 
C42H32N2: C , 89.33; H , 5.71; N, 4.96. Found: C , 89.78; 
H, 5. 70; N, 4. 71 . 
14 
1 , 3-Bis(4-nitrophenyl)acetone (7) 
4-Nitrophenylacetic acid (皇) (100g , O.552mol) was 
dissolved in 600ml of acetic anhydride. Keeping the 
system at 80 o C , 300ml (2.16mo工) of triethylamine was 
added dropwise and the solution was stirred for 2 hours. 
The solution was poured into 1000ml of 10% hydrochloric 
acid and filtered. The solid obtained was ground into a 
powder , and stirred in 500ml of refluxing concentratE~d 
hydrochloric acid for 8 hours. The product was collectE~d 
and washed with water several times; Yield 79.8g (96 老) . 
-1 I-..rr. ¥ 1 ,...,"-''' ~_-l Ir. r.¥ 1 工 R (KBr) 1340 and 1520 cm-~ (N02 ) , 720 cm-~ (C=O). よH-
NMR (CDC13) d=8.0 , 7.3 (dd , J=8Hz , aromatic H) , 4.0 (s , 
4H , CH2). 
2 , 5-Bis(4-nitrophenyl)-3 , 4-diphenylcyclopentadienone (8) 
Benzil (54.6g , O.260mol) and 2 (78.0g , O.260mol) 
were added to 390ml of ethanol. After the stirred solu-
tion was heated nearly to the boiling point , a solution 
of 7.8g (0.139mol) of potassium hydroxide in 40ml of 
ethanol was added slowly. The reaction mixture was 
stirred for 1 hour , and then allowed to cool to room 
七emperature. The product was collected and washed with 
ethanol several times; Yield 44g (36%). 工 R (KBr) 1340 
and 1510 cm-1 (N02 ) , 1715 cm-1 (C=O) ・
1 , 4-Bis(4-nitrophenyl)-2 , 3 , 5-triphenylbenzene (9a) 
Phenylace 七ylene (19.3g , 0.189mol) ，主 (30.0g ，
0.063mol) and 130ml of o-dichlorobenzene was stirred a七
1800C for two hours. The reaction mixture was allowed to 
cool 七o room temperature , and poured into 500ml of hexｭ
ane. The product was collected by filtration and dried; 
Yield 22.9g (66老) . 
1 , 4-Bis(4-aminophenyl)-2 , 3 , 5-triphenylbenzene (2a) 
A solution of 9a (20.0g , 0.0365mol) in 250ml of 2-
me七hoxyethanol was stirred and heated to 80oC. A solu-
tion of stannous chloride (82.2g , O.364mol) in 130ml of 
hydrochloric acid was added. Thereafter , the mixture was 
stirred around 1000C for 5 hours. The reaction mixture 
was allowed to cool to room temperature , and poured in七O
600ml of water and filtered. The solid obtained was 
neutralized by ammonium hydroxide , washed with water , and 
dried; Yield 10.0g (61%). The crude product was recrysｭ
tallized from toluene; mp 256-258 0 C. 工 R (KBr) 3460 and 
1 I HTT ¥ 1 3480 cmーム (NH2). ~H-NMR (CDCl3) d=3.3 (s , 4H , NH 2 ) , 6.0-
7.3 (m , 24H , aromatic H). Anal. Calcd for C36H28N2: C , 
88.49; H , 5.78; N , 5.73. Found: C , 88.85; H , 5.83; N , 
5.58. 
1 , 4-Bis(4-nitrophenyl)-2 , 3 , 5 , 6-tetraphenylbenzene (9b) 
The procedure used in the preparation of 9a was 
app1ied to that of 9b , except the reaction time was 
extended to 17 hours; Yield 63 毛.
The other po1yrners were synthesized simi1ar1y ・ The
po1ymerization concentrations were se1ected between 5 老
and 20老. When 1ithium carbonate or 1ithium ch10ride was 
added in the po1ymerization system , an equivalent with 
七he amide 工 inkages was added after the addi七ion of the 
1 , 4-Bis(4-aminophenyl)-2 , 3 , 5 , 6-tetraphenylbenzene (2b) monomers. 
The procedure used in the preparation of 2a was 
applied to that of 2b; Yie1d 45老. The crude product was 
recrysta1lized from pyridine; mp 4530C (DSC). 工 R (KBr) 
-1 3380 and 3450 cm-~ (NH2). Ana1. Ca1cd for C42H32N2: C , 
89.33; H, 5.71; N , 4.96. Found: C , 88.54; H , 5.64; N , 
4.92. 
Polymerization 
As an examp1e , the po1ymerization of 2a and tereｭ
phthaloy工 chloride (TPC) is shown be1ow. 
工 n a 25ml three-necked flask equipped with a mechanｭ
ica1 stirrer , a nitrogen in1et , and a drying tube were 
p1aced ~豆 (0.4000g ， 0.8187mol) and 2.9g of NMP. AftE~r 
the system was cooled be10w 50C with an ice bath , TPC 
(0.1662g , 0.8186rnol) was added and the reaction rnixture 
was stirred for 30min. Thereafter , the reaction was 
continued at room temperature for 15 hours. The p01yrner 
s01ution was poured into 500m1 of rnethanol. The polyrner 
precipitated was co11ec七ed and dried. 
17 
Measurements 
Inherent viscosities were measured at a concentra-
tion of 0.5g/d1 in NMP wi 七h or without LiC1 at 30oC. 
Infrared (IR) spectra were recorded on a Beckman FT2100 
1 spectrometer with KBr disks. ~H-NMR spec七ra were record-
ed on a Varian T60 NMR spectrometer. Thermogravimetric 
ana1ysis (TGA) was conducted with a DuPont Mode1 951 
thermogravimetric ana1yzer at a heating rate of 10oC/min 
in 100m1/min of N2 or air f1ow. Differentia1 scanning 
calorimetry (DSC) was performed on a DuPon七 1090 thermal 
ana1yzer in combination with a DSC ce11 at a heating rate 
of 20oC/min in 60 m1/min of N2 f10w. Wide ang工 e X-ray 
scattering (WAXS) was conducted on a Rigaku X-ray difｭ
fractometer with nicke1-filtered CuKαradiation (38KV , 
30mA) and a Laue camera. Solubility of the polymers was 
evaluated by mixing the polymers and solven七 s for 24 
hours. Optica1 microscopic observation was carried out 
on a Nikon type 104 po1arized-1ight transmission micro-
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scope. 
七ively long reaction time (17 hours) was necessary due to 
the heterogeneous reaction. The dinitro compounds (5a , 
1-3 Results and Discussion 
5b) were prepared by using a method for the condensation 
of 2 ， 4 ， 6-triphenylpyry工 ium tetrafluoroborate and nitroｭ
methane in the presence of potassium tert-butoxide.16 
1-3-1 Monomer Synthesis 
New diamines containing two phenyl groups on the 0-
The diamines (主豆， 主b) were obtained by the reduction of 
positions with respect to the amino groups were prepared 
5a and 5b with stannous chloride as a reducing agent. 工 n
the case of 主豆， the yield was sometimes low because the as shown in Scheme 1. Terephthaldicarboxa ユ dehyde and 
isophthaldicarboxaldehyde were reacted with acetophenone 
to yield the tetraketones (主豆 15 ， 三_Q)・ The bispyrylium 
solubility of 5a was poor. 
The other new diamines containing phenyl groups on 
salts (竺豆， 宝生) were derived from 3a and 芝生， though rela.-
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shown in Scheme 2. Condensation of 4-nitrophenylacetic 
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Scheme 1 Scheme 2 
19 
20 
acid was carried out following a literature17. The 




decarboxylation under reflux of concentrated hydrochloric 
acid gave 1 , 3-bis(4- nitrophenyl)acetone (2). The cyclo-
pentadienone (豆) was synthesized by using a similar 
method to the preparation of tetraphenylpentadienone.18 
The dinitro cornpounds (旦豆， 9b) were prepared by the 
Diels-Alder reaction.19 Because of steric hindrance , the 
reaction of 豆 and diphenylacetylene needed a longer 
reaction time (17 hours) than that of 豆 and phenylacety-
工ene. The diamines (~豆， 2b) were obtained by the reduc-
tion of 豆豆 and 9b with stannous chloride as a reducing 
agent. Recrystallization of 2b was carried out from 
pyridine due to poor solubility in xylene or toluene , 
which was used for the recrystallization of the other 
three diamines. Pure 2b showed a sharp endothermic pea.k 
at 4530C on a DSC measurement. 工 t seems that the highly 
symmetrical structure of 2b made the thermal stability of 




Polymerization of the diamines and tereph七haloyl
chloride (TPC) or isophthaloyl chloride (工 PC) was carried 
out by low-temperature solution condensation in NMP 
(Scheme 3). The results are summarized in Table 工.
十 csori-→
H2N 内十 Clsorl-→ l-;0作
Scheme 3 
Precipitate of 主豆/TPC polyamide appeared during the 
polymerization in NMP. When polymerized in the presence 
of Li?CO~ ， the reaction mixture was a clear solution and 2¥..V3 
gave the polymer with inherent viscosity of 0.97 dl/g. 
However，七he mo工ecular weight was not high enough to form 
a filrn. Polymers , 1a/ 工 PC ， 1b/TPC and 1b/ 工 PC were poly-
merized as homogeneous solutions. The polymers 主主/工 PC
and 主主/TPC gave flexible and tough films. Relatively low 
viscosities of these polymers may be attributed to the 
steric hindrance of the diamines due 七o the bulky side 
groups on the o-position of the amino groups. 
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Table 1.Synthesis of Polyamides 
Condition 
Diamine Diacid Outlook Yield ηinh 1 ) film 





工 PC 13 老




工 PC 14% 
工 PC 15 老
no turbid 89 
Li2C03 transparent 85 
no " 93 
no " 99 
no " 89 
no " 97 
no " 97 
no precipitate 78 
LiCl cloudy 83 
no precipitate 91 





















1 )工nherent viscosity measured at a concentration of 0.5g/dl 
in NMP at 300C except for 2). 
2) NMP containing LiCl was used as a solvent. 
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The polymerization using ~豆 gave polyamides having 
good solubility and high viscosity to form tough films. 
The polymer made of 主主 and TPC gave the highest inherent 
viscosity of 2.87 dl/g in this series. 工 n the case of 
2b , on the other hand , both polymers derived from TPC and 
工 PC precipitated during the polymerization in NMP. The 
polymerization in the presence of LiC工 did not improve 
the solubility remarkably , and did not increase the 
inherent viscosity so much. 
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1-3-3 Characterization 
Therma1 transition behavior was eva1uated by DSC 
measurements. The polymers containing m-catenation 
showed the glass transitions at 275-349 0 C , except for 
Table 1. Characterization of Polyamides 
Solubility3) 2b/ 工 PC po1yamide (Tab1e 工工). The po1ymers in which a11 Po1yrner 
linkages are p-catenated did not show c1ear glass transi- llinh Diamine Diacid (dl/g) 
Chloride 





N2 air NMP CHC13 
be10w their decomposition temperatures , though X-ray 1a 
diffraction measurements showed that the po1ymers had 
more or less semi-crysta1line characteristics. The X-ray 
diffraction photograph of ~豆/TPC is shown in Figure 1 a8 lb 
an examp1e. 
All the polymers showed good therrnal stabi1ity on 2a 
the TGA measurements; 5% weigh七-10S8 temperatures were in 
the range of 466-5240C. There was no remarkable differ-
ence in measuring atmosphere , N2 or air. 
2b 
TPC 0.97 
工 PC 0.47 
TPC 0.62 
工 PC 0.28 
TPC 2.87 
工 PC 0.88 
TPC 0.93 



















1) Tg determined by DSC at a heating rate of 20oC/min in N2 ・
2) 5% weight-1oss temperature on TGA at a heating rate of 
100C/rnin in 100m1/min f10w of N2 or air. 
3) ++: solub1e , +: partia11y solub1e ， ー: inso1ub1e. 
Figure 1. X-ray diffraction photograph of the 2a!TPC polyamide 
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The po1ymers derived from 1b and 2a showed good 
solubi1ity in NMP. The f1exib1e structure by m-catenaｭ
tion in the former and the interference of po1ymer chain 
packing by the unsymmetrica工 structure in the 1at 七 er
contributed to improve their solubi1ities. The diamines 
which have p-catenated and symmetrica1 structure (la and 
2b) made the polymers 1ess soluble in NMP. Monomer 
crystal1inity of 2b , which showed an extremely hitgh 
melting temperature , may be responsible for the lowest 
solubi1ity of the polymers derived from 2b in this ser-
les. 
工 n the three rigid rod-1ike polyamides , 2a/TPC 
polyamide showed the highest viscosity and the best 
solubility. Pre1iminary microscopic observation of 
Z豆/TPC po1yamide solution in NMP was carried out at room 
temperature. A 20% solution was obtained from the po1yｭ
merization solution directly , and observed through an 
optical microscope under crossed polarization. Some part 
of the solution showed colorful birefringence and the 
other part showed monochromic birefringence. In the case 
of a 20老 NMP solu七ion containing LiCl , some part showed 
colorful birefringence , and the other part showed co1or 
only under app1ied shear , and relaxed to an isotropic 
phase quick1y. The relation of microscopic appearance 
and polymer concentration is 1isted in Table 工工工. Thes'e 
anisotropic behaviors suggest that 2豆/TPC polyamide 
solution in NMP forms a liquid crystalline phase. 
Table 川. Microscopic observation of 2afTPC polyamide 
solution in NMP containing LiCI under crossed polarization. 
???
?????????
??? Under Shear No Shear 
20老 colorful birefringence partia1ly colorful 
birefringence 
17% co1orful birefringence monochromic 
birefringence 
15老 bright ←ーテ dark dark 
10老 slightly bright 令今 dark dark 
5毛 dark dark 
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1-4 Conclusions 
Four new phenylated aromatic diamines , 1 , 4-bis(4-
amino-3 , 5-diphenylphenyl)benzene (主主)， 1 , 3-bis(4-amino-
3 , 5-diphenylphenyl)benzene (主主)， 1 , 4-bis(4-aminophenyl)-
2 , 3 , 5-triphenylbenzene (~豆) and l , 4-bis(4-aminophenyl)-
2 , 3 , 5 , 6-tetraphenylbenzene (2b) were synthesized and 
polymerized with terephthaloyl chloride (TPC) and isophｭ
thaloyl chloride (工 PC). All 七he polyamides showed high 
thermal stability with 5% weight-loss temperatures in the 
range of 466-5240C in air or nitrogen , and no melting 
peak below their decomposition temperatures. The polyｭ
rners containェng m-catena七工on had glass transition temperｭ
atures in the range of 275-349 0 C , and were soluble in Nｭ
rnethyl-2-pyrrolidone (NMP). The rigid rod-like polyaｭ
mides consisting of all para-oriented linkages showed no 
clear 9工ass transition. 工n the rod-like polymers , polyｭ
mer 2豆/TPC showed good solubility in NMP , and preliminary 
optical microscope observation for the 20% solution 
showed an anisotropic property. 
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Chapter-2 
Synthesis of poly(ether ketone) by Friedel-Crafts 
Acylation: Effects of Reaction Conditions 
32 
2-1 工ntroduction
Po1y(arylene ether ketone)s (PEK) are we11-known 
high performance semi-crysta11ine polymers having high 
七herma 工 stabi1i 七y and exce11ent mechanical property. 
Synthesis of PEKs is c1assified into two methods1 , 2: (1) 
acylation method in which ketone linkages are formed 
(equations 1 and 2) , (2) aromatic nucleophi1ic displaceｭ
ment method between activated aromatic ha1ides and a1ka1i 
me七 a1 phenoxides in which e七her linkages are formed 
(equations 3 and 4). 
1 H-Ar-H + CICO-Ar'-COC1 一一→ -Ar-CO-Ar' ー COー + 2HCl 
2 H-Ar-COC1 一一一歩 -Ar-CO- + HC1 
3 Ha1-Ar-Hal + MO-Ar'-OM --• -Ar-O-Ar'-O- + 2MHal 
4 Ha1-Ar-OM -一一歩 -Ar-O- + MHal 
工 n the acylation method , Friedel-Crafts acylations 
are carried ou七 either 土n an organic solvent with a1umi-
3.4 num trich10ride as a catalystù ，~ or in hydrogen f1uoride 
/ boron trifluoride system as a catalyst and solvent. 5 , 6 
Alterna七ively ， the polymerization involves dehydrative 
7.8 acylation reactions in polyphosphoric acid , "u in tri-
9 fluoromethanesulfonic acid ，~ and in methanesulfonic acid 
/ phosphorus pen七oxide medium.10 
The polycondensation in an organic solvent catalyzed 
by aluminum trichloride can be carried out under moderate 
conditions , and considered as a convenient method to 
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obtain PEKs in 1aboratory sca1e. An AA-BB type po1ymeriｭ
zation such as a reaction between dipheny1 ether and 
isophtha1oy1 ch10ride and an AB type po1ymerization :such 
as a se1f-condensation of 4-phenoxybenzoy工 ch10ride are 
possib1e. Therefore , various combinations of monorners 
11-17 afford a number of structures of po1ymers. 
However , reaction behavior of the Friede1-Crafts 
po1yacy1ation has no七 been reported in detai1. Especia1-
1y , in the po1ymerization in 1 , 2-dich1oroethane with 
a1uminum trich10ride cata1yst , po1ymerjcata1yst comp1exｭ
es6 precipitate during the reaction , which thereby disｭ
p1ays a different out1ook from genera1 solution polyconｭ
densations. 工n this chapter , the synthesis of po1y(ether 
ketone) by Friede1-Crafts acy1ation was examined using 
the reaction between dipheny1 ether and isophthaJLoy1 
ch1oride. 
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2 田 2 Experimeota1 
Materials 
工 sophtha1oy1 chloride (工 PC ， Mitsubishi Gas chemical 
Co. ，工nc.) and a1uminum trich10ride (A1C1 3 , Naca1ai 
Tesque , EP) were ground 七o powders in nitrogen atmosｭ
phere. 1 , 2-Dich1oroethane (DCE , Naca1ai Tesque , GR) was 
dried over mo1ecu1ar sieves. Dipheny1 ether (DPE , Naca-
1ai Tesque , GR) was used without further purification. 
polymerization 
A standard procedure for the preparation of 
po1y(ether ketone) is described be1ow. 工n a 300m1 four-
necked f1ask equipped with a ni 七rogen in1e七 and a stir-
ring rod , 12.22g of DPE (O.07182mol) and 14.58g of 工 PC
(O.07182mo1) were dissolved in 200m1 of DCE. After the 
solu七ion was coo1ed be10w 50C with an ice bath , 24.96g of 
A1C13 (O.1872mo1) was added , and the reaction mixture was 
stirred for 2 hours. Thereafter , the reaction was conｭ
tinued at room temperature for 16 hours. The DCE was 
decanted from the reaction mixture，七he obtained mass was 
mixed with methano1 to decompose the comp1ex , and 七he
methano1 supernatant was removed by fi1tration. The 
product was washed with 10% hydroch1oric acid twice , and 
then with water severa1 times by using a b1ender. The 
polymer was dried at 1500C under vacuum for 17 hours. 
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The reaction behavior was examined under different 2-3 Results and Discussion 
reaction conditions. 2-3-1 工nfluence of Reaction Conditions on PEK Polymeriza-
tion 
Characterization The preparation of poly(ether ketone) (PEK) from 
工nherent viscosエ七ェes were measured with an Ostwald diphenyl ether (DPE) and isophthaloyl chloride (工 PC) by 
type viscometer at O.lgjdl in 95% sulfuric acid at 30oC. Friedel-Crafts acylation wi 七 h aluminum trichloride 
工nfrared spectra were recorded on a Hitachi 270-30 工nfra- (A1C13) was studied (Scheme 1). 
red spectrometer with KBr disks. NMR spectra were meas-
ured on a Varian Gemini-200 spectrometer in a mixture of 。00+Clsorl
dichloromethane-d2 and trifluoroacetic acid-d. 
モ。00500
4000;00 
Figure 1 shows a change in the inheren七 viscosity of 
the polymers with reaction time at a polymer concentra-
tion of 8w七老 in 1 , 2-dichloroethane (DCE). The polymeri-
zation was carried out below 50C for first 2 hours , then 
at room temperature. The molar ratio of AIC13 to 工PC was 
2.6. When the reaction proceeded for 1 - 2 hours , a 












。 10 20 30 
Reaction time (hr) 
Figure1.change in the inherent viseosiW of poly(ether 
k~~on.~). wi.th reaction time with a polymer concenirãtiõ~ 
of .8~:o_~!!.oom temperature. Visc?etry in 95o/~' s?furic 
acid at 30oC. 
precipitate increased gradually. The inherent viscosity 
almost leveled off within 5 hours. 
工 n general , Friedel-Crafts acylation gives a 1:1 
complex of A工 C1 3 and the carbonyl group formed.18-20 
Therefore , an excess of A工C13 more than molar equivalent 
with the carbonyl groups formed should be used to cata-
lyze the reaction. 工n the preparation of PEK , formation 
of the same type of complexes has been also reported , 6 
and a similar effect in 七he feed ratio of AIC13 and 工 PC
was obtained as shown in Table 工; the reaction with AIC1
3 
two equivalents to 工 PC gave 七he polymer which had a low 
inherent viscosity of 0.27 dljg , and an excess of AIC1
3 
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Table 1.Effect of AICI3 quantity on PEK polymerization 
A1C13 





工) Polymerized at room temperature 







with a polymer concent-
2) Measured with a concentration of 0.1 g/dl in 95老
sulfuric acid at 30oC. 
over the monomer i8 necessary to obtain the polymers with 
higher viscosities. However , large excess of A1C13 such 
as a 4-fold excess seems to induce unfavored side reac-
tions , since the polymer obtained under this condition 
contained a fraction insoluble in 95% sulfuric acid. 
Therefore , the suitable quantity of AIC13 was 2 to 3 
equivalents to 工 PC.
The effect of reaction temperature is shown in Table 
工工. Although the reaction at room temperature gave 
polymers completely soluble in sulfuric acid , higher 
reaction temperatures resulted in an insoluble part. 
When polymerized a七 85 0 C ， the polymer obtained was comｭ
pletely insoluble in sulfuric acid , and 七he yield (109も)
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Table 1. E行ect of reaction temperature on PEK Polymerization 






(dÌï~) Solubility in H2S04 
50 94 0.66 some insoluble part 
85 109 insoluble 
1) Polymerized at a polymer concentra七ion of 8wt% with 
2.6 molar ratio of A工C13 for 16 hours. 
2) Measured with a concentration of 0.1 g/dl in 95老
sulfuric acid at 300C. 
1.000 3000 2000 1500 1000 500 
Wave number (cm-1) 
was higher than the theoretical va工ue. Figure 2 compares 
Figure 2. I R spectra of poly( ether ketone) polymerized at: (a) room temperaｭ
ture; (b) 850C. 
the IR spectra of the polymers obtained at room tempera-
ture and at 850C. The polymer obtained a七 85 0 C showed 
the sp3 C-H stretching at 2900-3000 cm-1. This means 
that the Friedel-Crafts alkylation with DCE occurred as a 
Table 川. Effect of monomer ratio on PEK polymerization 
side reaction , and a cross-linked polymer was obtained. 
Table 工工工 shows the effect of the DPE/ 工 PC feed ratio Monomer ratio Yield η2) 
DPE 工 PC (も) (di?2) 
1.00 0.99 90 0.57 
1.00 1.00 95 0.68 
1.00 1.01 92 0.47 
on the inherent viscosity of the polymer obtained. A 
monomer ratio of 1:1 gave the maximum inherent viscosity , 
and deviations from the stoichiome七ry gave lower viscosi-
ties. Although this polymerization involved the precipi-
tation of polymer/AlC13 complexes during the reaction , 
the molar ratio effect was similar to those in the usual 
solution polycondensation reactions. 
1) Polymerized at room temperature at a polymer concentｭ
ration of 8w七老 with 2.6 molar ra七io of A1C13 for 16 
hours. 
2) Measured with a concentration of 0.1 g/dl in 95老
sulfuric acid a七 30 0 C.
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The acylation-type polymerization a1so showed a 2-3-2 po1ymerization Behavior in the Polymer Precipitate 
An effect of the formation of precipitates on the characteristic effec七 of the monomer concentration on the 
inherent viscosity of the p01ymers. As shown in Tab1e po1ymerization rate was examined. The polymerization was 
工 V ， lower monomer concentrations resulted in higher terminated at several reaction periods described in Tab1e 
viscosities. At 8wt% of the monomers , the reaction v. After separating the precipitate and the solution , 
formed a gelatinous mass and gave an inherent viscosity both parts were treated with methanol to obtain the 
of 0.68 dljg. On the other hand , at 2.5wt老 the polymeri- products. As shown in Tab1e V , the substances remaining 
zation gave a number of hexagonal grains of severa1 in the solution was a PEK oligomer having an inherent 
millimeters that were apparent1y sing1e crystals , and i:he viscosity around 0.1 d1jg , and when the viscosity exceed-
inherent viscosity was 0.87 d1jg. Therefore , such a ed 0.2 d1jg the precipitation occurred. Thereafter , the 
difference in the feature of precipitates seems to affect quantity of precipita七e and the inherent viscosity in-
七he polymerization. This effect will be discussed in the creased with reaction time. Because the increase in 
next section. 
Table V. Polymerization behavior of PEK 



































0.68 20 0.12 85 
95 0.57 1 
4 94 0.75 2.5 5 0.14 86 
2.5 97 0.87 5.0 l 0.10 93 
1) Po1ymerized at room temperature with 2.6 mo1ar ratio 
of AIC13 for 16 hours. 
2) Measured with a concentra七ion of 0.1 gjd1 in 95老
sulfuric acid at 30oC. 
1) Polymerized at room temperature a七 a polymer concentｭ
ration of 8wt% with 2.6 molar ratio of AICl~ ・
2) Measured with a concentration of 0.1 gjdI in 95% 
sulfuric acid at 30oC. 
the viscosity was remarkable compared to that of 1:he 
precipitate quantity , it seems that the reaction could 
proceed in solid state. 
To clarify the possibility of the reaction between 
the TPC chain-end and DPE chain-end in the precipita1:e , 
in addition to the reaction between a chain-end in 1:he 
precipitate and a monomer or oligomer in the solution , an 
experiment described in Scheme 2 was carried out. The 
precipitate that appeared at early stage was separated , 
to which fresh DCE was added. Without any additional 
supply of the monomers or oligomers , the polymerization 






proceeded in the precipitate , where the inherent viscosi-
七y increased from 0.28 七o 0.88 dl/g in 7 hours. From 
this resul七， the reaction between the two chain-ends in 
the precipitate was confirmed. 
The crystalline-like precipitate formed during the 
polymerization at a lower concentration seems to have an 
advantage in the reaction between the chain-ends due to 
the regular alignment of the polymer chains. This is 
considered 七o be a reason why polymerization at a lower 
concentration gave a higher inherent viscosity. 
Fresh DCE added 七 o the precipitate may extract 
hydrogen chloride formed by the acylation reac七ion to 
induce the polymerization. On the basis of this idea , 
solvent exchange , namely , the polymerization , in which 
the DCE was removed frorn the precipitate and fresh DCE 
was added several tirnes , was atternpted. Table V工 and V工工
show the results of the solvent exchange experiments at 
polymer concentrations of 8w七老 and 19wt老， respectively. 
The po工ymerization without the solvent exchange resulted 
in polymers having the inherent viscosities of 0.68 and 
0.57 dljg , respectively (Table 工V ， the firs七七wo lines). 
The solvent exchange method , in contrast , gave higher 
molecu工ar weight polymers (~inh = 0.92 and 0.68 dljg , at 
8 and 19w七老， respecti vely ) . 













1) Measured with a concentration of 0.1 g/dl in 95老
sulfuric acid a七 30 0 C.
2) Solvent exchange: extraction of 100ml of DCE from the 
reaction mixture and then addition of 100ml of fresh DCE. 




















1) Measured with a concentration of 0.1 g/dl in 95% 
sulfuric acid a七 30 0 C.
2) Solvent exchange: extraction of 100ml of DCE from the 
reaction mixture and then addition of 100ml of fresh DCE. 
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Figure 3 shows the advantage of the solvent ex-
change for a wide range of polymer concentrations. 
Especially at lower concentrations , the effect of the 
solvent exchange was remarkable. This effect is at-
tributed to the formation of the crystalline-like precip-
itate at lower concentrations , which accelerates the 







5 10 15 20 
Polymer Concentration (wt 0/0) 
Figure 3. Effect of the solvent exchange operation on the 
inherent viscosity of polymers: 0 , with the solvent exchange; 
・， without the solvent exchange. 
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2-4 Conclusions 
The influence of reaction conditions on the Friedel-
Crafts polycondensa七ion of diphenyl ether and isoph七hal­
oyl ch10ride in 1 , 2-dich1oroethane with aluminum trich1oｭ
ride catalyst was examined. The 1: 工 DPEj 工 PC monomer 
ratio , A1C工3 with a 2 -3-fold mo1ar excess over 工 PC ， and 
a 10wer reaction temperature gave PEK with a sufficiently 
high molecu1ar weight and a good solubility in 95% su1-
furic acid. The po1ymerization formed a precipitate of 
po1ymerjcatalyst comp1exes , and it proceeded even in the 
precipitate through the reaction between the polymer 
chain-ends. When the polymerization was performed at a 
10w polymer concentration , crysta11ine-like grains apｭ
peared and the reaction between the chain-ends was acce1-
erated. Contac七ing the precipitate with fresh solvent , 
i.e. , the solvent exchange procedure , was effective to 
induce a further polymerization , because the hydrogen 
chloride formed by the acylation was easily removed from 
the reaction site. 
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Synthesis of polyimide and Poly(imide-benzoxazole) 
in Polyphosphoric Acid 
51 
3-1 工ntroduction
Polyimides a工e well-known as excellent heat- and 
1.2 chemical-resistant polymers ・，~ Because of their poor 
tractability , the soluble precursor , polyamic acids , are 
synthesized in an organic solvent such as N-methyl-2-
pyrrolidone (NMP) , and cast to a fi1m or spun to a fiber , 
then imidized thermally or chemically ・ To improve their 
tractability , modifications of the polymer structures 
have been made by introducing bulky substituen七s ， flexi-
1.3 ble linkages , etc.~ ， 0 These soluble polyimides can be 
prepared by the polymerization followed by chemical or 
thermal imidization in a one-pot solution. 
工 n this s七udy ， polyphosphoric acid was employed as a 
solvent to prepare polyimides. polyphosphoric acid has 
good properties for solubi 工 ization and dehydration of 
many organic compounds. Therefore , it is used to synthe-
4.5 size the heterocycles-containing polym 
6 ~~， ~~\-，.~~~~+-\-.: ~~~， ~~ I T"¥T"'>rn ¥ 7-10 polybenzimidazoles (PB 工 )V ， polybenzo七hiazoles (PBT) 
8.9.11 and polybenzoxazoles (PBO)U ， J ，~~， and other polymers like 
12 poly(ether ketone)s~~. There is only one report about 
the synthesis of polyimides in polyphosphoric acid , in 
which polyimides derived from 2 , 3 , 5 , 6-pyridinetetracar-
boxylic acid and various aromatic diamines were 
prepared.13 However , these polymers showed poor properｭ
ties and the details of the reaction was no七 discussed.
工n 七his chapter , the possibi1ity of polyphosphoric acid 
for a polymerization medium of po1yimides was examined in 
detai1 , and a polyimide which had a high enough molecu1ar 
weight to form a fi1m was prepared for the first time in 
po1yphosphoric acid. 
This imide-formation reaction in po1yphosphoric acid 
cou工 d a1so be app1ied to the one-pot preparation of a 




3 , 3'-Dihydroxy-4 , 4'-diaminobiphenyl (HAB , Wakayama 
Seika Kogyo Co. , Ltd.) was purified as a hydrochloride by 
the recrystallization from dilute aqueous hydrochloric 
acid. 4 , 4'-Diaminodipheny1 ether (ODA , Nacalai Tesque , 
GR) , 3 , 3' , 4 , 4'-biphenyltetracarboxylic dianhydride (BPDA , 
Ube 工ndustries ， L七d.) ， 4-aminobenzoic acid (ABA , Nacalai 
Tesque , GR) , 75.5% polyphosphoric acid (PPA , Nacalai 
Tesque) , phosphorus pentoxide (P205' Nacalai Tesque , GR) , 
aniline (Nacalai Tesque , GR) and ph七halic anhydride 
(Naca1ai Tesque , GR) were used without further purificaｭ
tion. 0 ・・ Chlorophenol (Nacalai Tesque , EP) and m-cresol 
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(Naca1ai Tesque , GR) were purified by distillation. Nｭ
Methyl-2-pyrrolidone (NMP , Mitsubishi Kasei Corp.) was 
dried over molecular sieves for more than one day before 
use. 
Model reaction in PPA 
Phosphorus pentoxide (P2 0 5 , 16.5g) and 75.5老 poly­
phosphoric acid (75.5%PPA , 23.5g) were mixed a七 150 0 C
under nitrogen atmosphere for 2 hours. After cooling to 
120 0 C , ani1ine (0.83g , O.0089mo1e) and phthalic anhydride 
(1.33g , 0.0090mole) were added. The reaction mixture was 
heated to 190 o C , and stirred for 4 hours. After the 
mixture was allowed to cool to room temperature , the 
product was obtained by pouring the reaction mixture into 
water , and washed with water several times. 
To examine the effects of reaction conditions , the 
model reaction was carried out at several tempera七ures
and in various compositions of polyphosphoric acid. 
Polyimide synthesis in PPA 
Under nitrogen atmosphere , P205 (16.5g) and 75.5 老
PPA (23.5g) were mixed at 1500C for 2 hours. After the 
mixture was cooled to 120 o C, ODA (0.87g , 0.00434mole) was 
added and stirring was continued for 30 min. BPDA 
(1.289 , O.00435mo1e) was added and the polymerization was 
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carried out at 15QOC for 3 hours ，七hen at 1900C for 19 
hours. After coo 工ed 七o room 七emperature ， the reaction 
mixture was mixed with water 七o precエpitate the polymer 
by using a blender , and the produc七 obtained was washed 
with water several times. 
To examine the effects of reaction condi七ions ， the 
polyrneriza七ions were carried out at several temperatures 
and in various compositions of polyphosphoric acid. 
Poly(imide-benzoxazole) synthesis in PPA 
Phosphorus pen七oxide (20.02g) , 75.5% PPA (24.98) , 
HAB dihydrochloride (1.85g , 0.00644mole) and ABA (1.77g , 
O.0129mole) were charged in a reaction vessel , and heatｭ
ing and stirring were started under a nエtrogen atmosｭ
phere. Keeping the temperature a七 90 0 C ， the mixture was 
evacuated gradua1ly to cause the dehydrochlorination; it 
took 3 hours to reach ca. 20mmHg. Then , the dehydroｭ
ch1orination was continued at 1500C for 14 hours. BPDA 
(1.90g , 0.00646mole) was added , and po1ymerization was 
carried out at 2000C for 24 hours. The work-up was made 
in the same way as 七hat of the polyimide synthesis. 
Yield was 90%. Anal. Calcd. for C42H20N406: C , 74.55; H, 
2.98; N , 8.28. Found (after correction of 2.9w七老 of 
adsorbed rnoisture): C , 74.45; H, 3.09; N, 8.32. 
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poly(imide-benzoxazole) synthesis in organic solvent 
The diamine made from HAB and 2 rnoles of ABA was 
prepared using the sarne method as the first ha1f of the 
procedure for poly(irnide-benzoxazole) po1ymerization in 
PPA. The reaction mixture was poured in七o water , and the 
diamine obtained was washed with water , neutra1ized with 
sodium bicarbonate , and washed with wa七er again. 1H-NMR 
(DMSO-d6) d=6.0 (s , 4H , NH 2 ) , 6.7 (d , 4H , aromatic H) , 
7.7 (s , 4H , aromatic H) , 7.9 (d , 4H , aromatic H) , 8.0 (s , 
2H , aromatic H). Ana1. Ca1cd. for C26H18N402: C , 74.63%; 
H, 4.34老; N, 13.39毛. Found (after correction of adsorbed 
moisture): C , 74.97%; H, 4.12%; N, 13.27老.
The diamine prepared (1.86g , O.00444mo1e) was disｭ
solved in 30ml of NMP under nitrogen atmosphere. BPDA 
(1.31g , 0.00445mole) was added and stirred for 4 hours. 
The polyamic acid solution was cast on a glass plate and 
placed in an oven to imidize thermal1y at lOOoC , 200 oC , 
and 30QoC for 1 hour , respective1y. 
One-po七 polymerization and imidization were examined 
by the addition of 5 drops of isoquinoline into the 
polyamic acid solution and stirring a 七 170 0 C for an 
additional 3 hours. The viscous turbid reaction rnixture 
was coo1ed to room temperature and poured into 300ml of 
methanol. The product was collected by filtration , 
washed with methanol and dried. Yield was 94%. 
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The one-po七 polymerizations in m-cresol and o-chlo-
rophenol were carried out in the same rnanner as the 
reaction in NMP. 
Analysis 
工 nherent viscosities of the polymers were measured 
at a concentration of O.5gjdl in concentrated sulfuric 
acid a七 30 0 C. 工 nfrared spectra were measured on a 
Hitachi 270-30 infrared spectrometer with samples of KBr 
pellets or films; the films of polyimides were cast from 
the o-chloropheno工 solutions on a glass plate at ca. 50 o C, 
coagulated with acetone and dried under vacuurn at room 
temperature. Thermogravimetric analysis (TGA) was con-
ducted at a heating rate of 100Cjmin under flowing air or 
argon , using a thermogravirne七ric analyzer (Shimadzu TGA-
50) ・ 1 H - NMR spectra were obtained in DMSO-d6 solutions 
with a Varian Gemini-200 spectrometer. 
3-3 Results and Discussion 
3-3-1 Model Reaction in PPA 
Polyphosphoric acid (PPA) is a series of rnixtures of 
condensed phosphoric acid oligomers of which equilibrium 
cornposition is deterrnined by the ratio of phosphorus 
pentoxide (P205) to water. 工 t has been reported that 
七he P205 content of more than 82wt% is necessary to cause 
the polymerization of PBT and PBO.5 
工 rnide-ring formation between aniline and ph七halic
anhydride in PPA was examined as a model reaction of the 





PPA composition was compared by using the PPAs of 75 , 80 
and 85wt告 P2 0 5 content. As the reactant concentration 
was 5wt% , the P205 content was decreased by 0.4wt老 from
the starting content by water formed in the reaction. 
The reaction was carried out a七 160 or 190oC. All the 
products obtained frorn the combination of PPA cornposi-
tions and reaction temperatures described above gave the 
same 工R and NMR spectra as for N-phenylph七halimide. No 
characteris七 ic peaks owing to amide linkage or other 
substances were detected. The NMR spectrum of the 
product obtained by using 85w七老 PPA a七 1900C is shown in 
Figure 1 as an example; though couplings of aromatic 
protons are complex , the signals of 7.4-7.6ppm are as-
signed to the protons on the phenyl ring from aniline and 
those of 7.9-8.0ppm are assigned 七o the protons on the 
1 , 2-phenylene ring. PPA concentration was not so criti-
cal for the imide preparation in 七he range of 75-85 wt% 
of P205 content. 
The reactions in PPA with 75 or 80wt老 P2 0 5 content 
proceeded in homogeneous solutions. On the other hand , 
the reactions in PPA with 85wt老 of P205 content induced 
precipitation of the product. PPA with high content of 
P205 seems not to be a good solvent for imide compounds. 
This is probably due to the low basicity of the imide 
cornpounds leading 七o insufficient protonation on 80工va-
tion by PPA. 
f 
8.0 7.8 7.6 7.4 
?匤 ppm 
Figure 1. NMR spectrum of N-phenylphthalimide prepared in 
85w切ら PPAat 190oC. 
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When the reaction was carried out at 2200C in 85wt老
PPA , the product changed to a dark color. Too high of 
reaction temperature induced degradation of the produc七.
工 t was reported that synthesis of polyamides and 
polyesters in PPA was no七 successful; it was explained by 
an equi工ibrium reaction or electrophilic acy工ation on the 
benzene ring by carboxyl groups14 , 15. When N-phenylben-
zamide was heated in 85wt% PPA at 1900C for 4 hours ，七he
amide absorption in the 工 R spectrum of the compound 
disappeared. From these results , it is suggested that a 
quick dehydrative imide-ring formation from the amic acid 
is the key to the successful synthesis of the imide 
compound in PPA. 
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3-3-2 Synthesis of Polyimide in PP且
The po1ymerization of ODA and BPDA was carried ou七
a七 150 0 C for 3 hours ，七hereafter at 1900C for 19 hours in 
75 , 80 , and 85w七% PPA (Scherne 2). The resu1七s are surnma-
rized in Tab1e 工. 1n a11 cases , the reaction mixtures 
became turbid as the reactions proceeded. Higher P205 
con七ent of PPA gave slight1y higher inherent viscosity in 
concentrated sulfuric acid:γlinh = 0.90 dl/g when react-








Table 1.Polymerization of polyimide in PPA 
P20 エ; c~~~ent Reaction 
n PPA 七emperature Yie1d η a 
(wt老) ( 0 C) (老) ('澪?g) 
75 190 92 0.52 
80 190 93 0.77 
85 190 93 0.90 
a Measured in concentra七ed su1furic acid at 30oC. 
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Table 1. Polymerization of polyimide in 85wt% PPA 
P 2O 1 5conte巴nt Reaction 
n PPA temperature Yie1d η a 
(w七老) ( OC) (告) (82うg)
85 160 105 0.04 
85 190 93 0.90 
85 220 99 1.43 
a Measured in concentra七ed su1furic acid at 30oC. 
was examined in 85wt老 PPA as shown in Tab1e 工工. The 
polymerization at 1600C gave a product with a low inher-
ent viscosity , and the 工R spectrum showed the absorptions 
of unreacted anhydride. 工n the case of po1yirnide synthe-
sis , it seerns that high1y dehydrative conditions are 
necessary to induce the reaction as compared with the 
model reaction. When polymerized at 220 o C , the polymer 
with an inherent viscosi七Y of 1.43 d1/g was obtained. 
However , this polymer contained a fraction which did not 
disso1ve in o-ch1oropheno1. Side reactions inc1uding 
cross1inking were suggested at a higher po1ymerization 
temperature. The polymerization at 1900C gave a suitab1e 
polymer with a re1atively high mo1ecular weight and no 
side reaction. 
The 工R spectrum of the po1ymer obtained at 1900C in 
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85wt老 PPA is shown in Figure 2(A). 工 t shows imide absorpｭ
-1 tions at 1780 , 1720 , and 1380 cm-~ ， and is almost identi-
cal with the ODA/BPDA polyimide polymerized in NMP and 
七hermally imidized af七er the cast (Figure 2(B)). No 
absorption due to the amide bond was detected , and it was 
ascertained that both the polymerization and imidization 
were completed under this reaction condition. The poly-
mer prepared in PPA was dissolved in o-chlorophenol and 
converted to a tough and flexib工e film by cas七ing.
4000 3000 2000 1500 1000 400 
Wa ve number (cm-1) 
Figure 2. IR spectra of ODNBPDA polyimide: A, prepared in 
85wt% PPA at 190oC; B, polymerized in NMP and thermally 
imidized. 
3-3-3 Synthesis of Poly(imide-benzoxazole) in PPA 
3 ， 3' ーDihydroxy-4 ， 4'-diaminobiphenyl dihydrochloride 
(HAB ・ 2HC工) and two moles of 4-aminobenzoic acid (ABA) 
were reacted in 85.5% PPA to obtain a diamine containing 
benzoxazole rings. Following this reaction , an equiva-
lent molar amount of BPDA with 七he diamine was added , and 






decreased the P205 content in PPA from 85.5% to 84 老.
when the reaction proceeded , the solution became viscous 
and maintained i七s transparency. The pOly(imide-benzoxa-
zole) obtained had an inherent viscosity of 0.59 dl/g. 
As shown in Figure 3(A) ，工R spectrum showed imide peaks 


















Figure 4. Thermogravimetric curves for the poly(imideｭ
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4000 
Figure 3. IR spectra of the poly(imide-benzoxazole): A, preｭ
pa-red in PPA; B, polymerized in NMP and thermally imidized. 
0-and m-cresol NMP , エnimidization thermal by followed 
inheren七having poly(imide-benzoxazole) gave chlorophenol 
respectively. dljg , 1.26 and 0.59 , 0.71 , of viscosi七ies
with spectra 工Riden七ica工showed polymers these Although lS analysis e工ementalof result The cm-1. 1060 and 1260 , 
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polymerization the 七ocontras七ェnobtained was so工utionand argon エn5590C of temperatures weight-loss 5 老with 
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poly(imide-benzoxazole) solvents , ?・1?????common ェnities acid polyamic The NMP. ェnBPDA wi七hreacted was reaction 
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no七 have problem of volatile formation or the incompleteｭ
ness of dehydrative cyclization , which is sometimes found 
in the process s七ar七ing from polyamic acid solutions. 
Therefore , this po1ymer has the possibi 工 ity to be a new 
processab1e high-performance po1ymer. 
3-4 Conclusions 
The polyimide was synthesized from ODA and BPDA in 
PPA. 工n the combinations of PPA composition and reaction 
temperature , the polymerization in 85w七老 PPA at 1900C 
gave the best resu1 七 :ηinh = 0.90 dljg , with no side 
reactions and film formability. However , the po 工 ymer
precipitated out during the reaction. 
By using 七he imide-formation reaction in PPA , 
poly(imide-benzoxazole) was synthesized from HAB , ABA , 
and BPDA by one-pot polymerization in PPA. The polymer 
was obtained as a homogeneous solution in PPA , and showed 
~inh of 0.58 dljg. As this polymer was no七 prepared as 
a homogeneous solution in organic solvents , this system 
has a possibility as a new processable high-performance 
polymer solution. 
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Gas separation of small molecules such as hydrogen 
from larger molecu工es such as carbon monoxide through 
stiff-chain glassy-polymer membranes is mainly affected 
by the packing charac七er of the polymer chains , which 
determines the diffusivity of the gas molecules.1 
工 nvestigation on the relationship between gasｭ
permea七 ion character and polymer structure has been 
carried out for years. From these researches , a general 
concept , that is , aromatic amorphous polymers with high 
glass transition temperature and stiff-chain structure 
have a superior permselectivity , was derived to obtain a 
highly efficient hydrogen separa七ion membrane.2 Most of 
the reports describing the struc七ure-permeabili七y relaｭ
tionships , however , dealt with po1ymer systems involving 
several structural factors at the same time , and no 
systematic research had been published using a series of 
copolymers unti1 this research was started. 
工n this chapter , the interest was focused on aromatｭ
ic polyamides containing sulfone linkages in the backbone 
[these polymers are called po1y(sulfone-amide)]. Aromatｭ
ic polyamides have stiff-chain structure and relatively 
high glass transition temperature in general. 工n addiｭ
tion , su1fone linkages in the pOly(sulfone-amide)s conｭ
tribute to increase their solubi1ity in organic solven七s
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without sacrificing the structural stiffness. 
The purpose of this chapter is to understand the 
relationship of polymer structure and gas permeability in 
poly(sulfone-amide)s , especially the catenation effect. 
Therefore , two series of poly(sulfone-amide) copolymers 
in which structural difference exists only in metajpara 




Bis[4ー (4-aminophenoxy)phenyl] sulfone (4SED) , bis [4-
(3-aminophenoxy)phenyl]sulfone (3SED) , bis(3-aminophenｭ
yl)sulfone (3DDS) (七hese three monomers were obtained 
from Konishi Chemical 工 nd. Co. , Ltd.) and bis(4-
aminophenyl)sulfone (4DDS) (Wakayama Seika Kogyo Co. , 
Ltd.) were used as purchased. 工 sophthaloyl chloride 
(工PC) (Mitsubishi Gas Chemical Co. ，工nc.) was crushed to 
a powder under nitrogen atmosphere. N-Methyl-2-pyrroliｭ
done (NMP) was dried over molecular sieves more than one 
day before use. 
72 
polymerization 
The diamine components were dissolved in NMP under 
nitrogen atmosphere , in such a way that the concentration 
of resulting polymer solution became 20wt老. This soluｭ
tion was cooled below 50C in an ice ba 七 h and then an 
equimolar amount of 工 PC was added. After the solution 
was stirred for an hour in the ice bath，七he polymerizaｭ
tion was continued for another hour at room temperature. 
The polymer solution was poured into methanol. The 
polymer precipitated was washed with water several times 
by use of a blender , and then dried for a period of one 
day under reduced pressure at 150oC. 
Preparation of Membranes 
The polymers (4g) were dissolved in 20ml of NMP. 
The solutions were filtered and cast on a polypropylene 
film at room temperature , and the solvent was evaporated 
at 800C for an hour. The membrane was dried under 
reduced pressure at 1500C for 15 hours. Thickness of 
films obtained was 10 - 20μm. 
Characterization 
Reduced viscosities of the polymers were measured at 
a concentration of O.5gjdl in N , N-dimethylacetamide 
(DMAc) a七 30 o C. Glass transition temperatures were 
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determined by using a differentia1 scanning ca10rimeter 
(DSC) (Perkin-E1mer DSC-1B) at a heating and coo1ing rate 
of 20oC/min under flowing argon. Thermogravimetric 
ana1ysis (TGA) was conducted on a thermogravimetric 
ana1yzer (Shimadzu TG-30) at a heating rate of 10oC/min 
under flowing air. 1H-NMR spectra were measured on 
Varian Gemini-200 spectrometer using dimethy1 su1foxide-
d6 as a solvent. Densities of the membranes were ob-
tained by use of a density gradient co1umn which consist-
ed of n-heptane and carbon 七etrach10ride at 30oC. 
permeabi1ity Measurement 
Permeabi1ities of H2 and CO were measured with a 
permea七ion apparatus made by Rika Seiki Kogyo , and MKS 
Baratron pressure transducer was used for detection of 
pressure increase in the downstream gas reservoir. Gas 
samples of purity exceeding 99.9% were used. 
工 n order to ana工yze gas permeation through a glassy 
polymer in detail , consideration based on the dual-mode 
theory3 is necessary. However , many papers discuss data 
on the permeation and sorption measurements under a 
certain pressure , and give useful information on the 
molecular design of gas separation membranes. There are 
a1so ar七ic1es describing agreemen七 between solubility 
data from sorption experiment and those calculated from 
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七he time-1ag method for some po1ymers. The purpose of 
七his research is 七o obtain informa七ion about the mo1ecu-
1ar design for gas separation membranes. 
From these reasons , the permeabi1ity coefficient was 
determined from the steady-state permeation rate at a 
constant pressure of upstream gas (1 atm) , and the appar-
ent diffusion coefficien七 of CO was de七ermined using the 
4 time-1ag me七hod.~ The apparent diffusion coefficient 
(D~nn) was calculated by the fol1owing equation , app 
D~~~ = app 
2 工
6L 
where L is the time 1ag , and , 1 , the thickness of the 
membrane. The permeation of H2 was too fast to determine 
七he 七 ime 1ag accura七ely ， and the apparent diffusion 
coefficient of H2 was no七 evaluated.
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4-3 Results and Discussion 
Poly(sulfone-amide) copolymers were prepared to 
clarify the relationships between polymer structure and 
gas permeability from view point of the influence of 
catenation. For this purpose , four diamines shown below 
were selected to polymerize with isoph七haloyl chloride 
(工 PC); 4SED and 3SED contain ether and sulfone linkages , 
4DDS and 3DDS contain only the sulfone linkage and give a 





f two series of poly(sulfone-







4-3-1 Preparation and Properties of Poly(sulfone-amide)s 
The results of preparation and some charac七eriza-
七ions of copolymers are shown in Table 工. Each polymer 
had a reduced viscosity sufficient to give a tough memｭ
brane. The polymer composition was determined by 1H-NMR 
l spectroscopy. As an example , ~H-NMR spectrum of the 
polymer 483S 工ー 50 is shown in Figure 1. The polymer 
composition measured was almost the same as the rnonomer 
composition for every polymer sample. Each polymer had a 
high glass transition temperature above 200 o C , and 4D3D工
series showed the glass transition ca. 500C higher than 
the corresponding 4838 工 series. They showed similar 
thermal stabilities with the 5老 weight-loss temperatures 






1 10 9 8 7 6 
?in ppm 
Figure 1. 1H-NMR spectrum of 483SI-50 in DMSO-d6 
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Copolymers Poly(sulfone-amide) of Permeability Gas 4-3-2 
CO and H 2 of ( P ) coefficients permeabili 七YThe Table 1.Preparation and propeパies of Poly(sulfone-amide) Copolymers 
illustrat-are 300C at copolymers 4D3D工and 4838 工through 
TGAd 
( 0 C) 
TgC 























meta-diamine ln lncrease an with monotonous1y creased 
diffusion apparent The system. copolymer each 工ncontent 
38ED 38ED 48ED 
lncreaslng with decreased also CO of (D~nn ) app. coefficient 。 443 261 1.25 。100 48 工
ln were orders these and 3 ) , (Figure con七en七meta-diamine 
447 250 0.89 27 25 75 4835 工 -25
as membranes of density of order the with agreement good 

































439 322 0.77 。100 4D工
418 307 0.66 25 25 75 4D3D工 -25
415 292 1.13 49 50 50 4D3D工ー 50









38ED or 3DDS unit content determined by 1H-NMR. 
Reduced viscosity measured at a concentration of 
gjdl in DMAc at 30oC. 
G1ass transition temperature determined 
at a heating rate of 200Cjmin. 
5% weight 10ss temperature determined by 








o 20 40 60 80 100 
meta-Diamine Content (mo(e ・ん)
Figure 2. Relation between permeability coefficients and 
composition of the poly(sulfone-amide) copolymers: 
0 , 48381 copolymers; ・ ， 40301 copolymers. 
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of basis 七heon discussed usually lS Diffusivity 
analy-volume free from packing chain character: packing 
chain diffraction , X-ray from spac1ng intersegmental Sエ s ，
and 
following 
5 , 6. equation 
Volume 
(Specific Volume 
Specific van Volume) Waals der 
10・ 10
o 20 40 60 80 100 













































Figure 3. Relation between diffusion coefficient for CO 
and composition of the poly(sulfone-amide) copolymers: 











































































Figure 4. Correlation between p~cking d~~s!ty and_ diffusion 
coefficient for CO in the poly(sulfone-amide) copolymers. 
3.3 
Packing Density column. gradien七density a with 300C at measured Density * 
81 80 
existence of m-catenation contributes to the compact: 
cient for CO (Sapp.CO) with an increase in meta-diaminE~ 
content was found in both copo1ymer systems from thE~ 
50 
150 
packing of the po1ymer chains more effec七ive1y than that: 
of p-catenation. This effect may be induced by the 
conformationa1 freedom enhanced by m-catenation durin輦 
the formation of membrane structure.7 。 100
ιJ 
(l.. 
Although definite conclusions about the solubili 七y 、、、
coefficient shou1d not be discussed based on these meas-
N工止
urements , the decrease in the apparent solubility coeffi-
。 20 40 60 80 100 
ca1cu1ation using the relation of S~nn = P / D~nn. As app. ~ I ~app. 
the difference in the chemica1 inf1uence on gas sorption 
meta -Diamihe Content (mole %) 
in each copo1ymer system is neg1igible , the Langmuir 
Figure 5. Relation between permeability ratio for Hつ
relative to CO at 300C and composition of the poly二
(sulfone-amide) copolymers: 0 , 4S3S1 copolymers; 
・， 40301 copolymers. 
sorption caused by micro voids is suggested as a reason 
for the solubi1ity change. 
When m-catenation content increased , permeabi1ity of effect found in this work was an unexpected one because 
CO decreased more significant1y than 七hat of H 2 ・ As a the m-catenation makes the po1ymer chain more f1exib工e.
resu1t , the permeabi1ity ratio for H2 re1ative to CO 
(PH2/PCO) increased with the content of m-catenation as 
This interesting effect has recent1y been reported for 
7-12 some other po1ymers. 
shown in Figure 5. This effect is main1y induced by a A11 the 4D3D工 copolymers showed 10wer gas permeabi1-
decrease in CO diffusivity , and the inf1uence of the dec-. ities as compared with the corresponding 4835 工 copo1y-
rease in CO solubi1ity is a1so suggested a七七he same time. mers. Though these results suggest the existence of an 
工七 had been considered that stiffer structure in thE~ effect of chain-stiffness enhanced with an increase in 
polymers makes the membrane structure more compact and amide-1inkage fraction , this effect wi11 be discussed in 
restricts the gas diffusion. Therefore , the catenation next chapter. 
4-4 Conclusions 
Two series of poly(sulfone-amide) copolymers in 
which the catena七ion structure was changed systematically 
were prepared , and gas permeabilities of H2 and CO were 
examined. The polymers containing higher fractions of mｭ
linkages showed lower gas permeabilities for both the 
gases and a higher pe工mselectivity of H2 relative 七o Co. 
This effect was explained by the restriction of gas 
diffusion caused by the denser structure of the polymers 
with high metajpara ratios , especially for a 工 arger gas 
species such as CO. The gas diffusivity showed good 
agreement with the tendency of packing density estimated 
from the free volume. 
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Chapter-5 
Polymer Structure and Gas Permeability 
of 
Poly(sulfone-amide) Membranes 
Effect of Amide-Linkage Concentration 
86 
5-1 工ntroduction
To separate small molecules such as hydrogen from 
larger molecules such as carbon monoxide through glassyｭ
polymer membranes , it had been said that aromatic amorｭ
phous polymers with high glass transition temperature and 
stiff-chain structure have a superior permselectivity.l 
In chapter 4 , however , it was found that membranes of the 
poly(sulfone-amide)s containing higher fractions of mｭ
linkages , which make the polymer structure flexible , 
could form a compact structure and restrict gas diffusion 
more effectively ・
工 n Chapter 4 , another structural effect was disｭ
cussed ，七hat is , the polymers having high amide-linkage 
concentrations in their backbone reduced gas diffusivity. 
Amide linkage makes the po1ymer chain stiff and raise the 
glass transition temperature. 工 t may a1so form intermo-
1ecular hydrogen bonding so that the membrane structure 
cou1d become more compact. Therefore , the effect of 
amide-1inkage concentration is in agreement with the 
effect expected from conventional thoughts. 
工n this chapter , to clarify the effect of the amide-
1inkage concentration , series of poly(sulfone-amide) 
copolymers comprising mixed diamines having different 
mo1ecular sizes were prepared , and their gas permeabiliｭ
ties were compared. A hybrid effect of catenation and 
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Discussion and Results 5-3 considered. also was concen七rationamide-linkage 
Copolymers Poly(sulfone-arnide) of Perrneability Gas 5-3-1 
Phenylenediamines and 4SED from Derived 
concen-amide-linkage of effect the investigate To 
permeabilities gas 七heon backbone polymer the ln tration Experimental 5-2 
derived copolymers poly(sulfone-amide) the CO , and H2 for Materials 
which diamines mixed and (IPC) chloride isophthaloy工from dis-was Tesque) Nacalai (MPD , m-Phenylenediamine 
bis[4-(4-aminophenoxy) ーof ratios varlous of consisted powder a to ground and pressure reduced under tilled 
p-or (MPD) m-phenylenediamine and (4SED) phenyl]sulfone ???,,.1 p-Phenylenediamine atmosphere. nitrogen under 
struc-polymer The prepared. were (PPD) phenylenediamine nitrogen under powder a to ground was Tesque) Nacalai 
4SP 工and 4SM工as abbreviated and below , 
respectively. 















4. Chapter ln described as 
4SPI-n 
characteriza-some and preparation of results The Measurements 
composition polyrner The 工.Table ln summarized are tions properties other and CO , and H2 of Perrneabilities 
example , an As spectroscopy. lH-NMR by deterrnined was 4. chapter ln described as measured were 
Figure ln shown エS4SM工 -60polymer the of spectrurn lH-NMR 













Table 1.Preparation and Properties of Poly(sulfone-amide) Copolymers 
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7.0 7.5 8.0 
In ppm E 
8.0 10.60 412 263 1.01 72 25 75 4SM工 -25
Figure 1. 1 H-NMR spectrum of 4SMI-60 in DMSO-d
6 
416 263 1.02 64 35 65 4SM工ー35
428 264 0.95 54 45 55 4SM工 -45
429 263 1.29 42 60 40 4SM工 -60
七ransi-glass higher showed serJ.es 4SP工and content , mェne
436 267 1.20 33 70 30 4SM工ー 70
serles. 4SMI corresponding the 七hantemperatures tion PPD 4SED 
weight-5% the with stabi1ity therma1 similar showed They 
426 264 1.13 94 5 95 4SP工ー 05
the of Solubility alr. ェn4000C above 七emperature工oss
422 265 1.54 84 15 85 4SP工 -15
or MPD the of エncreasean with decreased NMP ln polymers 
409 267 エ .1374 25 75 4SP工 -25
serェes.4SP工工nremarkab1e more content , PPD 
429 269 1.28 65 35 65 4SP工 -35
CO and H 2 of ( P ) coefficients permeabili 七yThe 427 278 2.07 54 45 55 4SP工 -45
4SED-unit content determined by 
Reduced viscosi七y measured at a 
gjd1 in DMAc a七 30 0 C.
Glass transition temperature determined 
at a heating rate of 200Cjmin. 
5% weight 10ss temperature determined by 
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4) . (Figure 4 2 , 3 Chapter as manner sarne the 。
ェnェncreasean that found was it results , these From 
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Mole fraction 01 MPD or PPD in diami n 自
Figure 2. Relation between permeability coefficients and 
com~osition of the poly(sulfone-amide) copolymers: 
0 , 4SMI copolymers; ・， 4SPI copolymers. 
0.4 0.5 0.3 0.2 0.1 
con-phenylenediarnine ェ ncreas エngwith increased PtT_/ P H21rco 








































Figure 4. Correlation between packing density and di行u­
sion coefficient for CO inthe poly(sulfone-amide) co-
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Mole fraction of MPD or PPD in diamine 
Figure 3. Relation between diffusion coefficient for CO 
and <2C?f!lposition of the poly(sulfone-amide) copolymers: 


















o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Mole fraction of MPO or PPO in diamine 
Fi~u~e 5. R~I~tion between permeability ratio for Hっ
~el~!ive to C9. ~t 30oC. and èompos~itioñ of the poly三
~ul!~n_~-ami~e) copolymers: 0', 4SMI copolymers; 
・， 4SPI copolymers. 
Compared with 4SP工 copolymers ， 4SM工 series had more 
compact membrane structure , and showed lower gas perme-
ability and higher permselectivity. This is attributed 
七o the catenation effect described in the previous chap-
ter. 
Though the packing densities of 4SM工 and 4SP工 copol-
ymers with high content of phenylenediamines showed 
higher values than those of 4D3DI copolymers ，七he CO 
permeability of 4SM工 and 4SP工 copolymers was not lower 
than that of 4D3D 工 copolymers. This suggests that the 
gas diffusivity of poly(sulfone-amide) membranes was 
influenced by not only the packing density but also other 
effects such as segmental motion. For example , 4SM工 and
4SP 工 copolymers have relatively higher content of p-
phenylene units which can rotate without any other con-
4 formational changes in the main chains ，~ and this rota-
tion may increase the gas diffusivity. Therefore , the 
packing density should not be used as a general standard 
to elucidate the gas diffusivity for many kinds of poly-
mers , though it is useful 七o compare the gas diffusivity 
in a series of copolymers. 
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5-3-2 Gas permeability of Poly(sulfone-amide) Copolymers 
Derived from 3DDS and Phenylenediarnines 
The po1y(su1fone-amide) copo1ymers comprising bis(3-
aminopheny1)sulfone (3DDS) as a main diamine component 
were examined next. 3DDS has no ether linkage , so the 
po1y(sulfone-amide)s comprising 3DDS has a higher concen--
tration of amide 1inkages in the main chain than those 
comprising 4SED. Moreover , the amino groups of 3DDS are 
bonded on the m-position. High permse1ectivity is ex-
pected from these features. 
Mixed diamines consisting of various ratios of 3DDS 
and m-pheny1enediamine (MPD) or p-pheny1enediamine (PPD) 
were reacted with isophtha10yl chloride (工 PC) to afford 
poly(sulfone-amide) copolymers. The po1ymer structures 






The results of preparation and some characteriza-
tions are summarized in Tab1e 工工. The polymer composiｭ
tion determined by 1H-NMR spectroscopy was in good agree-
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Table 1. Preparation and Propeパies of Poly(sulfone-amide) Copolymers 
3DDS-unita 
po1ymer Monomer Ratio Content η/Cb TgC TGAd 
(mo1ar ratio) in Po1ymer ('ð~í~ ) ( 0 C) ( 0 C) 
(mo1老)
3DDS MPD 
3D工 100 。 100 1.01 264 451 
3DM工 -15 85 15 82 0.97 264 442 
3DMI-30 70 30 69 0.81 266 443 
3DM工 -50 50 50 51 1.01 266 451 
3DM工 -70 30 70 29 1.64 271 438 
3DM工 -80 20 80 21 1.37 275 417 
M工 。 100 。 308 400 
3DDS PPD 
3DP工 -30 70 30 67 1.31 272 447 
3DP工 -50 50 50 49 1.07 277 440 
a 3DDS-unit content determined by 1H-NMR. 
b Reduced viscosity measured at a concentration of 0.5 
g/d1 in DMAc at 30oC. 
c Glass transition temperature determined by DSC in argon 
at a heating rate of 20oC/min. 
d 5老 weight 10ss temperature determined by thermogravimeｭ
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shoW11 エ s3DM工 -30polymer the of spectrum lH-NMR sample. 
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3DP工and content , phenylenediamine with increased ture 
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Figure 7. Relation between permeability coefficient and 
composition of the poly(sulfone-amide) copolymers: 
0 , 30MI copolymers; ・， 30PI copolymers. 
7.5 8.0 8.0 
? in ppm 
10.2 10.4 10.6 10.8 11.0 
MPD the 111 1ncrease further with increased and mol告，30 
1n-an with monotonously increased PH2 while conten七，Figure 6. 1H-NMR spectrum of 30MI-30 in OMSO-ds 
3DM1 of Pn_/P H2' rco result , a As content. MPD the 1n crease 
content MPD the at 185 of value maX1mum the showed serェes
monoto-decreased serles 3DP 工of 七hatand 30mol% , of co and H2 of ( P ) coefficients permeability The 
1n shown as conten七PPD the 1n エncreasean with nously 1n illustrated are 300C a七systems copolymer bo七h七hrough
showed copolymers 3DM 工of PH2/PCO Though 8 . Figure an with increased Pco and PH2 ser1es , 3DP工工n7. Figure 






























































o 0.5 1.0 
Mole fraction of MPD or PPD in diamine 
Figure 9. Relation between diffusion coefficient for CO 
and composition of the poly(sulfone-amide) copolymers: 
0 , 30MI copolymers; ・， 30PI copolymers. 
100~ 0.5 1.0 
Iv¥ole fraction of MPD (PPD) in diamine 
Figure 8. Relation between permeability ratio for Hっ
relative to CO at 300C and composition of the poly二
(sulfone-amide) copolymers: 0 , 30MI copolymers; 
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100 
5 
was PH2/PCO that shows also 10 Figure solubility. by no七
Figure 10. Relation between permeability ratio for Hっ
relative to CO and diffusion coefficient for CO of theｭ
poly(sulfone-amide) copolymers at 30oC: 0 , 30MI 
copolymers; ・， 30PI copolymers. 



















When copolymerized with PPD , though amide-linkage concenｭ
tration increased , the po1ymer structure became too s七iff
to form a denser membrane. When copolymerized with MPD , 
smal1 amount of MPD content contributed to the formation 
of denser membranes , and further copolymerization made 
the po1ymer chain too stiff despite increasing m-catenaｭ
tion fraction. The advantage of appropriate flexibility 
in the backbone to give a dense membrane is attributed to 
a conformational freedom during formation of membrane 
structure. 
From these resu1ts inc工uding those of Chapter 4 , it 
is conc1uded that the gas permeabi1ity of po1y(su工 fone-­
amide) is contro11ed by the ba1ance between the effect of 
catena七ion and the effect of amide-1inkage concentration; 
the former increases the f1exibi1ity of the po1ymer chain 
and the latter increases the stiffness. 
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5-4 Conclusions 
Four series of poly(su1fone-amide) copo1ymers in 
which the amide-linkage concentration in the backbone was 
changed systematical1y were prepared , and gas permeabi工 i­
ties of H2 and CO were examined. When the amide-1inkage 
concentration increased , the gas permeabi1ity decreased 
and permselectivity of H2 relative to CO increased. 
However , too high a concentration of the amide linkage 
induced an increase in the permeability and a decrease in 
the permse1ectivity. There was the composition which 
showed the maximum permselec七ivity. These characteris-
tics of gas permeation were explained by the gas diffuｭ
sivity which was re1ated to the packing character of the 
polymer chains. The catena 七 ion effect described in 
Chapter 4 was a1so confirmed ユn these copolymers. As a 
resul 七， the 3DM工 -30 membrane showed the highest H2/CO 
permse工 ectivity with PH2/PCO = 185 in the poly(su工 fone­
amide) copolymers. Therefore , it is concluded that the 
gas permeability of poly(sulfone-amide)s is mainly deterｭ
mined by the packing character which is contro工 1ed by the 
balance between the stiffness enhanced by the amide 
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Chapter-6 
Changes of Gas Permeability and Mernbrane Structure 
of Poly(sulfone-amide)s 
in the Process of Solvent Removal 
105 
6-1 工ntroduction
Under a cer七ain condition for preparing rnembranes , 
the gas permeabi1ities and permse1ectivity of the 
poly(sulfone-arnide)s were affected by the polyrner compoｭ
sition. The increase in the perrneabi1ity ratio for H2 
relative to CO (PH2!PCO) was mainly caused by a decrease 
in the diffusion coefficient for CO (DCO). Therefore , 
the permselectivity was correlated to the packing characｭ
ter of the polyrner chains. The results obtained in 
previous chapters showed that PH2!PCO is contro11ed by 
the balance between the stiffness induced by the concen一
七ration of amide linkages in the backbone and the crookｭ
edness enhanced with the introduction of m-catenation 
into the rnain chains. 
The poly(sulfone-amide) membranes are prepared by 
the casting from their polyrner solutions. The packing 
character of the polymer chains are changed no七 only by 
the po1yrner structure , but a1so by the conditions of the 
rnernbrane preparation. Thermal treatment after the cast 
induces removal of the cast so工vent and rearrangernent of 
the po1yrner chains , and p1ays an important role to deterｭ
rnine the mernbrane character. 工n this chapter，七he influｭ
ence of the process of the solvent rernoval on the gas 
permeability and rnernbrane struc七ure was s七udied. Densiｭ
ty measurernent was carried ou七七o evaluate the packing 
106 
character of the polymer chains , and some analy七 icaJ_ membrane of 10-20 仰n thickness was ob七ained; this membrane 
methods were used to evaluate structural changes 。壬 thE~ will be ca11ed as-cast membrane hereafter. 
membranes. On the basis of the obtained data , relation-. Therma1 treatment of 七he as-cas七 membrane was car-
ships between gas permeability and membrane structure arE~ ried out by keeping the membrane a七 varlOUS temperatures 
discussed. under reduced pressure (ca. 0.5 mmHg) for 17 hours. 
Extraction of the NMP from the as-cas七 membrane was 
carried out by immersing 七he membrane into acetone for 17 
hours. The following thermal 七rea七ment was performed ェn
the same manner as tha七 of the as-cast membrane. 
6-2 Experimental Permeability measurement 
Preparation of Polymer Permeabili七ies of H2 and CO were rneasured ln the 
The poly(sulfone-amide) (4SMI-60 , structure shown same way as that ln Chapter 4. 
below) was prepared by low-temperature solution condensa-
of Membranes Analysis 旬。oobooncO制fQlN-ç1Ôlç為
U n 0 0 ・ v 門門 o 0 4. Chapter ln described as measured were Densities 
tion as described ln Chapter 4. The reduced viscosity of Amount of residual solven七 was measured by use of a 
the polymer obtained was 0.81 dl/g at a concentration of thermogravimetric analyzer (Shimadzu TG-30) . Difference 
0.5 g/d1 ln N , N-dimethylacetamide at 300C. of the sample weight between 1600C and 3100C was measured 
at a heating rate of 100C/min in al.r. The weight 10ss ln 
Preparation of Mernbranes this region has no relation 七o 七he evaporation of water 
4SMI-60 (4g) was dissolved l.n 20ml of N-methyl-2- absorbed ln the membrane or decomposition of 七he polymer , 
pyrrolidone (NMP) . The solution was filtered and the and hence is a七七ributable to 七he evaporation of the NMP. 
filtrate was cast on a polypropylene film at room temper- Thermomechanical analysis (TMA) was carried ou七 on 











the with measured was samples the of length 工nChange 
rate heating a at 200mg of エ oada under mode elongation 
a工r.ln 100C/min of 























Discussion and Results 6-3 
250 
Figure 1. Effect of the thermal treatment on permeability 
coefficients for Hっ and CO through the 4SMI-60 membrane 
at 30oC: 0 , PH2 ; ・ ， Pco 
50 100 150 200 
Temperature (O() 
Membrane of As-cast Treatment Thermal 6-3-1 
a七dried was which 4SM工 -60 ，of rnernbrane as-cast The 
treated therma11y was cast , 七heafter hour an for 800C 
150 
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Figure 4. X-ray diffraction pa口ern of the 4SMI-60 
membrane thermally treated at 220oC. 
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Figure 3. Effect of the thermal treatment on D."n ("'ハ and
Sapp.co of the 4SMI-60 membrane at 30oC. ザド~~
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A trace of the residua1 solvent was detected in each rangement of the po1ymer chains bu七 a1so the amount of 
membrane. However , no difference in the amount of resid- residua1 NMP. 工 t is necessary to estima七e the inf1uence 
ua1 NMP was de七ected before and after the gas permeation of solvent in the membrane on the apparent density of 
experimen七 s ， and it is conc1uded that NMP was fixed membrane. 
tightly in the membrane. Some investigators have repor七ー Here , it is assumed tha七七he density of polymer 
ed that some solvents , like NMP and hexame七hylphosphora- itself and the density of NMP contribute to the apparent 
mide , form a comp1ex with aromatic polyamides with hydro- density of membrane independen七工y. The apparent density 
gen bonding between an amide group of the polyamides and 
1-3 the solvent mo1ecu1e. 
is expressed by the following equation , 
Table 工 shows the density and amount of residua1 
d = dp ・ (l-vN ) + dN ・ VN 、、，J可ム,,.1 
NMP in the thermally treated membranes. As found in the where dp and dN are the densities of the polymer itse1f 
Tab1e ，七he increase in density with a rise in temperature and NMP respectively , and VN is the vo1ume fraction of 
of the therma1 treatment was affected not on1y by rear- the NMP in the mixture of polymer and NMP. The fol10wing 
equation a1so can be written , 
Table 1.Thermal treatment effects on 4SMI-60 membrane VN = d.wN/dN ( 2 ) 
Thermal 七reatment Densitya Residua工 NMpb
七emperature
PH2/PCOC 
。 C g/cm3 W七%
30 1.311 11.8 50 
150 1.326 4.3 89 
200 1.337 1.2 118 
220 1.339 1.1 139 
where wN is 七he weight frac七 ion of NMP in the mixture. 
Substituting eq 2 in eq 1 yields the following equa七ion.
(dp -dN).wN + dN = dp.dN/d (3 ) 
工 f dp and dN remain constant without being affected by 
thermal treatment , a plo七 of l/d vs. wN gives a straight 
line. Figure 5 shows a plot of the experimental results. 
a Measured at 300C with a density gradient column. 
b Determined by thermogravimetric analysis. 
c Measured at 30oC. 
A devia七ion from the straight line at the low wN region 
was considered to be due 七o the change in d p , because i七
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Weight fraction of NMP 
Figure 5. Relation between the apparent density of the 
4SMI-60 membrane and the weight fraction of NMP in the 
membrane. 
Figure 6. Calculated density of 4SMI-60 itself as a 
function of the thermal treatment emperature. 
this , the treatment in the same temperature region gave a 
is un1ike工y that dN changes with thermal trea七ment. When high permse1ectivity. 
the membrane was therma工工y treated at a high tempera七ure ，
the density of the polymer itself became higher and made 工 n addition to the density measurement , thermome-
the slope of this line larger. chanical ana1ysis (TMA) and dynamic viscoelasticity were 
From the intercept of the extrapolated line to wN = measured to evaluate the structural change in 七he ther-
1 , dN was determined to be 1.15. This value is not the 
same as the density value for the liquid state at 30oC.4 
mally t工eated membranes. 
Figure 7 shows TMA curves of the membranes thermally 
Assuming the density of NMP to be 1.15 in the membrane , treated at various temperatures. 工 n the TMA curves of 
七he density of the polymer itself is calculated as shown poly(sulfone-amide) , the membrane shrank at first with 
in Figure 6. 工 n this figure , it is found that the in- increasing temperature , and then elongated with further 
crease of calculated density occurs by the treatment increase in temperature. The elongation temperature did 
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Thermal treatment temperature (OC ) 
Figure 8. Comparison of the effect of thermal treatment 
on the shrinking temperature and the permeability ratio 
for H2 relative to CO of the 4SMI-60 membrane. 
Figure 7. Effect of the thermal treatment on the TMA 
curves of the 4SMI-60 membranes. The thermal treatment 
tempe~~tures are: a , 30oC; b, 100oC; c , 150oC; d , 180oC; 
e, 200oC. 
the with increased ternperature shrinking the hand , other 
the by membrane the of change tan?shows 9 Figure temperature. trea七menttherrnal the エn工ncrease
inde-was -500C around tan?peak The treatment. therma工tem-shrinking the 1n change the compares 8 Figure 
七anðThe temperature. treatment thermal the of pendent treat-thermal the by PH2/PCO エnchange the with perature 
was There 2500C. above existed transition glass for peak tempera-shrinking lower a has rnembrane the When ment. 
between treatment thermal the by affected peak another the of rearrangement some tha七considered エ sit ture , 
transition this of ternperature peak The peaks. two these treatment. thermal further by possible lS chains polyrner 
treatment thermal the ェ n1ncrease an with increased the 180 0 C , above treated thermally was membrane the When 
transition this then , 150 0 C , near until temperature same 七heAt 2600C. around reached temperature shrinking 

















6-3-2 Thermal Treatment of Extracted Membrane 





membrane brought about rernova1 of the cast solvent and 
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For this purpose , the as-cast membrane of 
p01y(sulfone-amide) (4SM 工 -60) ， which was dried at 800C 
-100 0 100 200 
Temperature ( O( ) 
Figure 9. _Temperature dependence of tano for the thermally 
treated 4SMI-60 m~mbranes. The thermal treatment temperaｭ
tures are: 一一一， 300C; 一一つ 1500C; . "', 200oC; 一・-， 220oC.
for an hour af七er the cas七， was immersed in acetone for 
17 hours. Acetone mixes with NMP easi1y and does not 
induce swe11ing of the poly(sulfone-amide) membrane. 
Therefore , it is an effective non-solvent to extract the 
NMP from the rnembrane. The amoun七 of residual NMP de-
The effective fixation of po 工 ymer chains by the creased from ca. 15wt 老 to 3.5wt老 by this extraction. 
thermal 七reatment around 2000C was ascertained by dynamic Then , the thermal treatment under reduced pressure was 
viscoelastic measurement as we工工 as density and TMA carried out. Effects of the NMP extraction by acetone 
measuremen七 s. This fixation was related to both the and the following thermal treatment on gas permeabilities 
remova1 of residual NMP and the rearrangement of polyrner and some other properties are summarized in Table 工工.
chains. PH2/PCO of the membrane af七er the extraction was 92 
and similar to that of the membrane thermally treated at 
1500C for 17 hours without ex七raction ， which was 89. The 
densities and 七he residua1 NMP contents were a1so similar 
in these two mernbranes: 1.328 and 3.5w七% for the extract-
ed membrane; 1.326 and 3.5wt老 for the therma1工y 七reated
119 120 
Table 1. Effects of the extraction of cast solvent and the following thermal 
treatment on the propeパies of the poly(sulfone-amide) membrane 
densification the of resu1七a as (Dapp.co) co for ficient 
extracted of case the 工 nstructure. membrane the 。王





















temperature step ex七ractionthe Although 10. Figure ェni11ustrated wt老
fo1-the NMP , the removlng by densification some caused 
3.5 1.328 92 3.9 3.6 r.t. 
instead compactness the reduced treatment thermal 工owing
packing. of degree the 門ud?
・1??????.工of 
0.3 1.335 88 5.0 4.4 2000C 
0.2 1.335 82 5.5 4.5 2200C 
10-8 
????co1umn. 
cm3 ・ cm/cm2 ・ s ・ cmHg ， measured at 30oC. 
Measured at 300C with a density gradient 









of regard1ess solvent , cast the of remova1 the that 
densi-similar a induced treatment , thermal or extraction 
structure. polymer the of fication 
10斗0
0 
membrane , extracted 七heof treatment thermal The 
250 200 150 100 50 treatmen七thermal the from resul七sopposite gave however , 
Thermal treatment temperature (OC ) 
Figure 10. Effect of thermal treatment on the apparent 
diffusion coefficient of CO for the 4SMI-60 membrane 
extracted by acetone. 
PH2/PCO 工 1 ，Table エnshown As membrane. as-cas七七heof 
the by degree some エndecreased membrane extracted the of 
the hand , other 七heOn 七 reatmen七.七herma1fol1owing 
increased membrane as-cas七七heof treatmen七七herma1
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views. scopic ex七 ractedthe of profiles tanﾔ shows 11 Figure 
七wothese for aspec七microscopic l.n difference Some tan?The treatment. thermal following 七hewith membrane 
measuremen七.TMA of resu1ts the by explained l.S sys七emstransi-glass the and -500C around peak the between peaks 
membranes extracted the 12 , Figure l.n illustrated As of effect 七heabout informa七 ionsome gl.ve (2630C) tion 
elongation first The TMA. on elongation 七wo-s七epshowed of treatment thermal of case the 工 ntreatment. 七herma工
temperature 七reatmentthermal 七heon depended 七emperatureof temperature the l. ncreas エ ngmembrane , as-cast the 
the almost a七appeared one second the and extent , some 七omaJor two the between peak this shifted treatmen七thermal 
temperature. same this finally and ??
・工? ???temperature higher to transitions 
membranes 七hesection , ????????七heェnreported As transi-corresponding 七heSimilar1y , disappeared. peak 
on e10ngated then and first at shrunk extractions withou七ther-with disappeared membrane extracted the for tions 
工ncreas-wi七hincreased tempera七ureshrinking This TMA. therma工with density the エnュncreaseThe treatment. ma工













Figure 12. Effect of the thermal treatment on TMA curves of 
the 4SMI-60 membrane extracted by acetone. The thermal 
treatment temperature: A, 30oC; 8, 200oC; C, 220oC. 
B 
200 250 300 





Temperature (OC ) 
Figure 11. Temperature dependence of tan?for the 4SMI-60 
membrane: A, as-cast; 8 , immersed in acetone for 17 hours; 






















エng temperature of the thermal treatment. This shrinking 
phenornenon suggests that the membrane has residual stress 
in it , and more densification is possible with further 
therrna工七reatment at higher temperatures. The extraction 
itself induced ca. 10% shrinkage of a length of the 
membrane and removed most of the cast solvent. Thereｭ
fore , it is considered that there was no shrinkage on TMA 
because the stress in the membrane had already been 
removed at the stage of the extraction. 
工 n the case of the as-cast mernbrane , the residual 
solvent in the membrane makes the polymer chains rearｭ
range easily at a relatively lower temperature. At the 
same time , the residual stress seems 七o contribute to a 
uniform densification effec七 ively. As the extracted 
membrane does not have such effects ，七he densification is 
probably not uniform in 七he membrane and increased 七he
defects which accelerate the diffusivity of gas mole-
cules. As a result , PHZ and PCO increased , and PHz/PCO 
decreased with the thermal treatment. 
As discussed above , it was ascertained that the 
residual solvent plays an important role to determine the 
membrane struc七ure in the course of its removal. 
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6-4 Conclusions 
The thermal treatment above ca. 1500C of the as-cast 
membrane , which contained abou七 15wt老 of NMP , induced 
removal of the NMP and rearrangemen七 of the po1ymer 
chains. On the other hand , the thermal treatment at 
工 ower temperature only resu 工 ted in the removal of NMP. 
The rearrangement of the polymer chains contributed to 
the densification of membrane structure and the increase 
of permselectivity of H2 and CO. This structural change 
was ascertained by density measurement ，七hermomechanical
analysis and dynarnic viscoelastic measurement. 
When the residual NMP in the membrane was removed by 
ex七raction ， the residual stress was also eliminated. As 
a resul 七， the following thermal treatment induced the 
formation of some defects , which accelerated the gas 
diffusivity , in the membrane. 
Based on these results , advantages in 七he thermal 
treatment for the as-cast membrane were explained as 
follows: (1) 七he influence of the residual solvent which 
lowered the temperature possible for the polymer-chain 
rearrangemen七， (2) the effect of residual stress which 
contributed to the uniform densification of membrane. 
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Chapter-7 
Effects of Polymer Structure and Thermal Treatment 
on 




工 n previous chapters , gas permeability of the 
poly(sulfone-amide) membranes was studied. 工 n the case 
of po工y(sulfone-amide) ， as con七ent of amide linkages in 
the polymer chain increased , the polymer became stiffer 
and gas permeation was restricted. 工ntermolecular hydro-
gen bonding might play some role in this effect. When 
七he poly(sulfone-amide)s had the same amide-bond concen-
tration , an increase in the meta-catenation ratio rela-
tive to the para-catenation induced the more compact 
packing of the polymer chains and gas diffusivity de-
creased. This catenation effec七 has been also reported 
1-6 for other polymers recently. 工n order to design H2/CO 
separation membrane of poly(sulfone-amide) , a suitable 
polymer structure should be selected by considering these 
two effec七s.
工 n this chapter , concern was paid to gas permeabili-
七Y of poly(ether ketone) copolymers. Poly(ether ketone)s 
such as PEEK are well known as a high-performance semi-
ゆo-@-o-@-合
crystalline engineering plastics with excellent heat 
stability and solvent resistance. However , PEEK dis-
solves only in few solvents such as sulfuric acid , and it 
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is hard 七o obtain a uniform film by the cast method. 
Therefore , reports about gas permeability of PEEK fi1ms 
are very few. There are some reports for gas permeabili-
七Y of modified poly(ether ketone)s , which are solub1e in 
7.8 organic solvents , with cardo substituents"U or f1uo-
rine-containing structure.9 
The poly(ether ketone)s described in this paper have 
simple structures consisting of ether , carbonyl and 
phenylene groups. These po工ymers were prepared by Frie-
del-Crafts acy工 ation between diphenyl ether and mixed 
acid chloride comprising tereph七haloyl chloride and 
isoph七haloy1 chloride. Mos七 of these copo1ymers dis-
solved in hexafluoro-2-propanol and their fi1ms could be 
ob七ained by the cast rne七hod.
As structural difference in the poly(ether ketone)s 
exists only in the metajpara ratio , the catenation effect 
was studied and compared with that found in the 
poly(sulfone-amide)s. 工 n addition , another effec七 in-
duced by the semi-crysta 工 1ine characteristics of 
po1y(ether ketone)s was expected. Structura1 change and 
permeabi1ity change in the po1y(ether ketone) fi1ms by 
therma1 treatmen七 were a1so examined , and compared with 
that of the poly(sulfone-amide)s. 
7-2 Experimental 
Materia工 s
工 sophthaloyl chloride (工 PC) ， tereph七ha10yl chloride 
(TPC) , obtained from Mitsubishi Gas Chemica1 Co. ，工nc. , 
and a1uminum chloride (Naca1ai Tesque , EP.) were crushed 
七 o powders under ni 七 rogen atmosphere. 1 , 1 , 1 , 3 , 3 , 3-
hexafluoro-2-propanol (HF 工 P)(Nacalai Tesque , GR.) was 
purified by distil1ation. Diphenyl ether and 1 , 2-dichlo-
roethane were purchased from Nacalai Tesque as GR. and 
used without fur七her purifica七ion.
polymerization 
Polymeriza七ion procedure for the poly(e七her ketone) 
from diphenyl ether and isoph七haloyl chloride is de-
scribed be10w as a typical example. 
工n a 300ml 4-necked f工ask ， equipped with a mechani-
cal stirrer , a nitrogen inlet and a thermometer , were 
p1aced dipheny1 ether(12.22g , O.0718mole) ，工PC(14.58g ，
O.0718mole) and 200ml of dichloroethane. This solution 
was coo 工 ed below 50 C in an ice ba 七 h and then 
A工C 工3(24.96g ， O.187rno1e) was added. After the reaction 
mixture was stirred for 2 hours in the ice bath ，七he
polymerization was continued for 16 hours a七 room 七emper-
ature. The dichloroethane was decanted from the reaction 
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mixture , and methano1 was mixed with the product. The 
polymer obtained was washed with 10老 HCl aqueous solution 
twice and pure water severa1 times by use of a blender , 
and then dried at 1500C for 17 hours under reduced pres-
sure. 
The other polymers were prepared with the same 
method except using the mixed monomers with seve工 a1
ratios of 工 PC and TPC. 
Film preparation 
The po1ymer(500mg) was disso1ved in 5m1 of HF工 P and 
filtered. The solution was cast on a glass plate , and 
the solvent was evaporated by the irradiation with an 
infrared lamp. The fi 工m ob七ained was immersed in acetone 
more than one day to extrac七 the cast solvent , and dried 
at 1200C for 17 hours in a vacuum oven. 
Thermal 七rea七ment of the poly(ethe工 ketone) fi1ms 
was carried out at 1950C in the vacuum oven. 
Permeability measurement 
The permeabi1ities of H2 , O2 , CO and N2 were measｭ
ured in the same way described in chapter 4. Gas samples 
of purity exceeding 99.9% were used. 
132 
Characterization 
工 nherent viscosities of the polymers were measured 
at a concentration of 0.5gjdl in 95 老 sulfuric acid at 
300C. DSC measurement was carried out on a Perkin-Elmer 
DSC-1B with 10mg sample at a heating rate of 200Cjmin 
under argon flow. Thermogravimetric analysis (TGA) was 
performed on a Shimadzu TG-30 with 3-6mg sample at a 
heating rate of 100Cjmin in air. Densities of the memｭ
branes were measured by use of a density gradient column 
which consisted of n-heptane and carbon tetrachloride at 
300C. Wide ang1e X-ray scattering was conducted on a 
Rigaku X-ray diffractometer with nicke1-fi1tered CuKα 
radiation (40KV , 100mA). 
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7-3 Resu1ts and Discussion 
7-3-1 Po1ymer Structure and Gas Permeabi1ity of 
Po1y(ether ketone)s 
Syn七hesis of poly(ether ketone) by Friedel-Crafts 
acylation was discussed in chapter 2. 工 n this chapter , 
the poly(ether ketone)s from diphenyl ether and the mixed 




The results of the preparation and characterization 
are shown in Tables 工 and 工工. Each polymeriza七ion gave 
the a1most quantitative yield and 七he inherent viscosity 
more than 0.8 dljg. The glass transi七 ion temperature 
increased monotonously from 156 to 1740C with an increase 
in the content of TPC unit. E 工 and ET showed clear 
me1ting points at 274 and 378 0 C , respective工y. Copoly-
merization decreased and broadened the melting point. 
All the polymers except ET easily dissolved in HF工 P.
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Table 1.Preparation of poly(ether ketone)s 
Monomer Ratio 
Polymer Yield η a 
工 PC TPC (老) (di?U) 
E工 100 。 97 0.87 
E工 T25 75 25 94 0.94 
E工 T50 50 50 94 0.80 
E工 T75 25 75 95 0.96 
ET 。 100 94 0.92 
a工 nherent viscosi七y measured at a concentration 
of 0.5gjd工 in H2S04 a七 30
0 C.
Table 1. Propeパies of poly(ether ketone)s 
Tga Tma TGAb SolubilityC 
( 0 C) ( 0 C) ( 0 C) 
Po1ymer 
E工 156 274 505 soluble 
E工 T25 160 227 492 soluble 
E 工 T50 161 232 502 soluble 
E工T75 168 333 482 so工uble
ET 工 74 378 492 insoluble 
?lass transition and me1ting temperatures determined 
bby DSC in argon with a heating rate of 20 。 C/min.
5% weight 10ss temperature measured by thermogravimetric 
analysis in air with a heating rate of 100Cjmin. 
cSo1ubility in HF工 P at room tempera七ure.
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exarn-for con七en七;TPC 七he1n 1ncrease an with increased pre-were E 工 T75and E 工 T50 ，E 工 T25 ，E 工，of filrns The 
。at -12 10 x 1. 1 frorn twice almost increased PNZ ple , lm-were prepared filrns The method. cast the by pared 
mole老.TPC 75 at -12 10 x 2.1 七omole老TPC HF工 Pthe extract to day one than more acetone ェnmersed 
are 0 2 for Dapp coefficients diffusion apparent The O2 , H2 , for P coefficients permeability The completely. 
Dapp.02 2(a). Figure 工ncontent TPC the against plotted was PHZ 1. Figure 1n illustrated are 30
0C at N2 and CO 
工 ncontent. TPC the 1n lncrease the with increased cm3 .cm/cm2 .s ・ cmHg ，-10 10 x 2.9 and -10 10 x 2.5 between 
coeffi-solubility apparent the shown are 2(b) Figure composition polymer the on dependence remarkable no and 
the uS1ng by calculated were which O2 , for Sapp cients 工 argerof case the 1n hand , other the On observed. was 
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Figure 2. Effect of the chemical composition on the 
apparent diffusion coefficient (a) and the apparent 
solubility coefficient (b) of the as-cast poly(ether 
ketone) films for O2 ・
25 50 75 
TPC Content (mole 0/.) 
。
F~gure 1. C~rrelati_on between the chemical composition 
of as-cast films of poly(ether ketone) copolymers and the 
gas permeability coefficients for H2' O2, CO and N2 at 30
oC. 
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considered 七ha七 the increase in the permeabi1ity with from crysta11ine s 七ructure were observed for the E 工 T75
increasing TPC conten七 was caused by the diffusivity fi1m (D). For the other po1ymer fi1ms , however , no 
change. This tendency is consistent with the resu1ts of apparent crysta11ine peak was observed , and the fi1ms are 
po1y(su1fone-amide)s described in the previous chapters; considered to be a1most amorphous. Though E 工 T75 had a 
the increase in the ratio of p-catenation content re1a- certain extent of crysta工工 ine area in which a gas mo1e-
10.11 cu1e hardly permeate~V ，~~， no influence of the crysta1-tive to m-catenation made the chain packing 1ess compact 
and the gas diffusivity higher. 工 inity was observed in the resu1ts of permeabi1ity meas-
To e1ucidate a crystallinity effect on the gas urement. 工 n the amorphous region of EIT75 , the po1ymer 
permeabi1ity , wide ang工 e X-ray scattering measurement chains wou1d have 1ess compact packing to offset the 
(WAXS) was carried out. The X-ray diffractograms of the crystal1inity effect. There a1so may exist some fine 
copo1ymers are shown in Figure 3. The diffraction peaks defects , which are in favor of high gas diffusivity , in 




35 30 25 20 15 10 
2θ(degree) 
Figure 3. X-ray di仔ractograms of the poly(ether ketone) 
films without thermal treatment: A, EI; 8 , EIT25; C, EIT50; 
D, EIT75. 
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1-after fi1ms the of patterns diffraction X-ray The Films Treated Thermally the of Permeability Gas 7-3-2 
crysta11ine The 5 . Figure エnshown are treatment hour trea七edtherma11y were fi1ms ketone) po1y(ether The 
and 
?E 工 T75and (A) E工ln c工ear1yobserved were peaks transi-their glass above under reduced pressure , 1950C at 
E 工 T25hand , o七her七heOn ( C ) . E 工 T50エnexten七some to the of coefficients permeabi1ity The temperatures. 七ion
fur-After pattern. amorphous broad a showed sti1 工(B) are gases four the for treatment 1-hour after fi1ms 
detect-was change no hours , 5 for trea七ment七herma工ther except po1ymers the a1 工工 n4. Figure ュ ni 工 1ustrated
crysta11ine the and more , any E 工T75and E 工 T25 ，EI , ln ed de-gas each for coefficients permeabi1ity the E 工 T25 ，
These 6. Figure ln shown as E工T50ェnhigher became peaks E 工 T25For treatment. thermal the with 10-60% by creased 
and E 工エ ncrystallization fas 七七heindicate resu1ts of permeabilities the and change , no showed PH2 films , 
crysta工一no and E工 T50 ，ln crysta11ization slow the E 工 T75 ，therma1 the wi七h10-45% abou七increased gases other 七he
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Figure 5. X-ray diffractograms of the poly(ether ketone) 
films after 1-hour thermal treatment at 1950C: A, EI; ß, 
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Figure 7. Change of the apparent diffusion coefficient 
(a) and the apparent solubili~ ~9~fficient (b) for O2 
by the thermal treatment at 1950C. 
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Figure 6. X-ray diffractograms of the poly(ether ketone) 
films after 6-hour thermal treatment at 1950C: A, EI; 8 , 
EIT25; C , EIT50; 0 , EIT75. 
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of the extracted poly(sulfone-amide) films as discussed 
in chapter 6. 工七 seerns difficult to bring about homogeｭ
neous densification in the amorphous region , which is 
effec七ive to 工educe gas diffusion , by 七hermal treatmen七
without containing solvent. 
A decrease in apparent solubility coefficients for 
O2 was found in E 工， E 工T50 ， and E工T75 as shown in Figure 
7 (b). This is consis七ent with 七he fac七七hat a gas 
hardly dissolves into a crystal工ine region. No crystal-
1iza七ion occurred in E 工 T25 ， and no remarkable solubility 
change was detec七ed. The permeability change in the 
poly(ether ketone) films by the thermal treatment seems 
to be dominated by the solubility change rather than the 
diffusivity change. 
From the discussion mentioned above , the decrease in 
the gas permeability by the 七hermal treatment is conｭ
cluded to be caused by the increase in the degree of 
crystallinity of the semi-crystalline po工y(ether ketone)s 
induced by the thermal treatment. 工 n the case of amorｭ
phous poly(ether ketone) , the homogeneous densification 
due 七o the rearrangement of polymer chains seems no七七o
be easy withou七 the presence of solvent molecules , and 
the gas permeability did not decrease. 
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7-4 Conclusions 
Gas permeability of the as-cast films of poly(ether 
ketone) copolymers made from diphenyl ether and the mixed 
acid chloride comprising 工 PC and TPC was influenced by 
the chain-packing character with the catenation effect. 
An increase in the m-catenation ratio relative to p_ 
catenation made chain packing more compact , and reduced 
the gas diffusivity. Difference in crysta工linity among 
the polymers was too small to exhibit apparent effect on 
the gas permeability ・
The permeability change of the poly(ether ketone) 
films by thermal treatment was interpreted to be due to 
the decrease in the content of the amorphous region , in 
which gases can permeate , by the thermal crystallization. 
Densification in the amorphous region was not observed , 
and the diffusivity increase was exp1ained in terms of 
the fo工mation of smal工 defec七s in it. 
145 
References 
1. G.F.Sykes and A.K.St.Clair , J. Appl. Polym. Sci. , 
32 , 3725(1986) 
2. S.A.Stern , Y.Mi , H.Yamamoto and A.K.St.Clair , J. 
polym. Sci. , polym. Phys. Ed. , 27 , 1887(1989) 
3. F.P.Sheu and R.T.Chern , J. Polym. Sci. , Polym. Phys. 
Ed. , 27 , 1121(1989) 
4. K.Tanaka , H.Kita , K.Okamoto , A.Nakamura and Y.Kusuki , 
Polym. J. , 22 , 381(1990) 
5. K.Tanaka , H.Kita and K.Okamoto , Kobunshi Ronbunshu , 
47 , 945(1990) 
6. R.E.Kesting , A.K.Fritzsche ，阿 .K.Murphy ， C.A.Cruse , 
A.C.Handermann , R.F.Malon and M.D.Moore , J. Appl. polym. 
Sci. , 40 , 1557(1990) 
7. W.T.Chen and J.Xu , J. Membr. Sci. , 53 , 203(1990) 
8. 工. Engelmann , J.D.Schultze , M.Bohning and J.Springer , 
Makromol. Chem. , Macromol. Symp. , 豆豆， 79(1991) 
9. J.M.Mohr , D.R.Paul , G.L.Tullos and P.E.Cassidy , 
polymer ， 主~， 2387(1991) 
工 O. A.S.Michaels and R.B.Parkeに Jr ， J. Polym. Sci. ， 全L
53(1959) 




Whole aromatic polyamides were synthesized from four 
new phenylated aroma七 ic diamines. By using the paraｭ
oriented diamine in which the phenyl groups were placed 
in the unsymmetrical positions , a rigid rod-like polyaｭ
mide soluble in N-methyl-2-pyrrolidone was obtained , and 
showed a liquid crystalline character. 
The effec七 s of reaction conditions on preparation of 
poly(ether ketone) via Friedel-Crafts acylation were 
inves七igated. Although the polyrner precipitated out as a 
complex with the catalyst , the molecular weight of the 
polymer increased even after the formation of precipiｭ
tates. Moreover，七he optimum conditions to obtain a high 
rnolecular weight po工ymer were clarified. 
Polyphosphoric acid was examined as a polyrnerization 
medium for polyimides , and the polyimide was successfully 
synthesi zed f 工 orn 4 , 4' -diaminodiphenyl ether and 
3 , 3' , 4 , 4'-biphenyltetracarboxylic dianhydride in Polyｭ
phosphoric acid. By using th工 s irnide-formation reaction , 
poly(imide-benzoxazole) solution in polyphosphoric acid 
was obtained by one-pot polymerization. 
The permeabilities of hydrogen and carbon rnonoxide 
through poly(sulfone-arnide) membranes were rnainly dorniｭ
nated by the degree of packing of the polymer chains. 工七
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was found that 七he degree of packing for the poly(sulｭ
fone-amide) copolymers was increased with increasing 
ratio of m-phenylene content to p-phenylene content in 
the polymer backbone. On the basis of these results , a 
po工y(sulfone-amide) membrane which showed ex七remely high 
H2/CO permselectivity was obtained. 
工 t was found that the residual cast-solven七 in the 
po 工y(sulfone-amide) membranes played an important ro工 e
for the densification of membranes during thermal treatｭ
ment; the residua1 solvent made the rearrangement of 
po工ymer chains possible at a re1a七ive1y low tempera七ure
to induce uniform densification of the membrane. On the 
other hand ，七hermal treatment of the membrane without 
residual solvent induced the formation of some defects in 
the membrane , and then the gas permselectivity decreased. 
Gas permeabilities of po工y(ether ketone) copolymers 
were also controlled by the packing character of the 
polymer chains , which was influenced by the ratio of mｭ
phenylene content to p-phenylene content in the polymer 
backbone. The pe工meability change of 七he po 工y(ether
ketone) membranes by thermal treatment was explained by 
the decrease in the content of amorphous region , where 
g灣es can permeate , by the thermal crystallization. 
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Conclusions 
Aromatic condensation polymers are well-known to be 
useful as engineering plastics owing to their superior 
thermal stability , chemical resistance , and mechanica工
behavior. However , these properties also make it diffiｭ
cult to process and fabricate the polymers. From these 
points of view , a number of researches have been reported 
to enhance the so工ubility of aroma七ic polymers. 工n 七his
thesis , research on the preparation of soluble aromatic 
condensation polymers based on the following three points 
were performed , and several new findings were obtained. 
(1) To understand the relationships between polymer 
structure and solubility , new series of aromatic polyaｭ
mides with phenyl subs 七 ituents were prepared. Among 
them , a new rigid rod-like aromatic polyamide , which was 
soluble in an organic solvent , with a liquid crystalline 
character was obtained. (2) To clarify optimum polymeriｭ
zation conditions for a potentially soluble polymer which 
has difficulties in the polymerization , the preparation 
of poly(ether ketone) via Friedel-Crafts acylation was 
studied. The preparation of various types of soluble 
poly(ether ketone)s with high enough molecular weight is 
considered to be possible by using the polymerization 
conditions obtained. (3) To find ou七 a new solvent for a 
polymer which is insoluble in most of solvents , poly-
149 
phosphoric acid was examined as a polymerization medium 
for polyimides. Polyphosphoric acid was found 七 o be 
suitab1e for imide-ring formation , and accordingly 
poly(imide-benzoxazole) was obtained as a homogeneous 
solution by this method. 
Gas separation membranes for the mixture of hydrogen 
and carbon monoxide were obtained from soluble aromatic 
polyamides and poly(ether ketone)s. Key factors in 
polymer s七ructure to determine the gas permeability were 
clarified by using series of copolymers in which the 
polymer structure was systematica11y a 工 tered. On the 
basis of the information obtained , a membrane with exｭ
tremely high gas permse1ectivity was obtained. 工七 was 
a1so found that residua1 solvent in the membrane p1ayed 
an important role to control the membrane structure in 
the process of membrane formation. 
As described above , severa1 new soluble aromatic 
condensation polymers and highly permselective hydrogenｭ
gas separation membranes were obtained. These findings 
are a工 so expected to be utilized for 七he molecular design 
of new aromatic condensation polymers which have superior 
properties. 
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